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Electroactive microorganisms possess the unique capability to transfer catabolically 
generated electrons via extracellular electron transfer (EET) to solid electron acceptors 
beyond their cell membranes. Presumably, electroactive microorganisms have a 
considerable impact on natural redox processes and show potential for being harnessed in 
microbial electrochemical technologies (METs) providing novel solutions for 
environmental issues. Although many aspects of electroactive microorganisms and EET 
have been elucidated, the respective thermodynamics and the energy fluxes during growth 
are almost untapped. However, understanding thermodynamics is the key for realistically 
assessing the influence of electroactive microorganisms on natural ecosystems and the 
feasibility of METs. Thus, the intention of the present thesis was to establish methods for 
analyzing the thermodynamics of electroactive microorganisms. This was achieved by 
developing the method bioelectrocalorimetry and a model framework for biofilm anodes. 
A bioelectrocalorimeter was used to measure the heat production of a Geobacter species 
dominated biofilm performing EET. By creating a heat flux balance, the microbial 
electrochemical Peltier heat was identified representing an entropic hurdle for EET 
reactions. The mathematical model for biofilm anodes comprises calculations of microbial 
growth thermodynamics and kinetics as well as physical, chemical, and electrochemical 
processes at different spatial and temporal scales. It demonstrates that more detailed 
experimental assessments of thermodynamic parameters of electroactive microorganisms 
are urgently required. Furthermore, the thesis at hand provides a comprehensive data set 
on the energy content of wastewater that can be used to evaluate the feasibility as well as 
the thermodynamic efficiencies of METs. In conclusion, the thesis provides tools and useful 
thermodynamic information for the establishment of a complete energy balance of 
electroactive microorganisms and the elucidation of the driving forces for EET. 
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Zusammenfassung 
Der Zweite Hauptsatz der Thermodynamik besagt, dass die Entropie (d.h. der Grad 
der Unordnung) in einem geschlossen System immer größer wird. Auf den ersten Blick 
scheint diese Aussage mit den hochgradig geordneten Strukturen von biologischen Zellen 
und Organismen unvereinbar, da diese einen Zustand von geringer Entropie (d.h. geringer 
Unordnung) aufrechterhalten. Dieser scheinbare Widerspruch lässt sich allerdings 
auflösen, wenn man eine Entropiebilanz für diese strukturellen Einheiten aufstellt: Sie 
importieren energiereiche Ausgangsstoffe und metabolisieren diese in gezielten 
Stoffwechselreaktionen, um nutzbare Energie zu generieren. Die gewonnene Energie 
nutzt die Zelle teilweise für Wachstums-, Fortpflanzungs- und Regenerationsprozesse 
(d.h. um geordnete Strukturen aufzubauen und zu erhalten). Allerdings exportiert die Zelle 
auch einen gewissen Teil der Energie in Form von Entropie (d.h. in Form von 
Stoffwechselendprodukten und Wärme). Dadurch bleibt der Entropiezustand der Zelle 
niedrig, während die Entropie der Umgebung durch den Export von energieärmeren 
Produkten ständig zunimmt.  
Der Zusammenhang der Bereitstellung von Energie für zelluläre Prozesse und der 
Kompensation durch Entropieproduktion wird durch folgende fundamentale Gleichung 
hergestellt: 
∆𝐺 = ∆𝐻 − 𝑇∆𝑆 
Hierbei repräsentieren ∆𝐺, ∆𝐻 und ∆𝑆 die Änderung der Gibbs-Energie, der Enthalpie und 
der Entropie. Die Temperatur wird durch 𝑇 repräsentiert. Das Bereitstellen von Energie für 
Wachstum und andere Prozesse (∆𝐺 <  0) muss durch die gleichzeitige Produktion von 
Wärme (∆𝐻 < 0) und/ oder die Produktion von Entropie in Form von 
Stoffwechselendprodukten (∆𝑆 > 0) ausgeglichen werden. Die mit der Wärme assoziierte 
Enthalpie und die Entropie bilden somit die beiden Triebkräfte für zelluläre Aktivität.  
Bei Mikroorganismen haben sich verschiedene Lebensweisen herausgebildet, um die 
notwendige Energie für Wachstum bereitzustellen. Diese sind durch unterschiedliche 
Verhältnisse zwischen den beiden Triebkräften ∆𝐻 und ∆𝑆 gekennzeichnet. Man 
unterscheidet zwischen enthalpie- und entropiegetriebenen Wachstumsreaktionen. 
Zusammenfassung 
2 
Während im ersten Fall die Triebkraft größtenteils über Wärmeproduktion generiert wird 
(z.B. aerobe Oxidation von Glukose durch Saccharomyces cerevisiae), ist der Export von 
Stoffwechselendprodukten bei der zweiten Möglichkeit wichtiger (z.B. acetoklastische 
Methanogenese von Methanosarcina barkeri ). 
Aufgrund der unzähligen möglichen Ausgangsstoffe und Stoffwechselprodukte und der 
starken Anpassungsfähigkeit von Mikroorganismen, haben sich viele verschiedene 
Stoffwechselwege entwickelt, um nutzbare Energie zu generieren. Allerdings gleichen sich 
die jeweiligen molekularen Mechanismen im prinzipiellen Ablauf. Das zentrale Motiv des 
Stoffwechsels ist die Verknüpfung der Oxidation eines energiereichen Elektronendonors 
mit der Reduktion eines energieärmeren Elektronenakzeptors. Diese beiden Reaktionen 
sind über eine Kette von Elektronentransferreaktionen miteinander verbunden, bei der 
Teile der Energie des Ausgangsstoffes schrittweise auf intrazelluläre Energieträger 
übertragen werden (d.h. Prinzip der zellulären Energiekonservierung). Dabei werden die 
Formalpotentiale der Elektrontransferkomponenten (d.h. die Neigung der Komponenten, 
Elektronen aufzunehmen und damit reduziert zu werden) stufenweise positiver bis hin zum 
finalen Elektronenakzeptor, der Komponente der Elektronentransferkette mit dem 
positivsten Formalpotential. Sobald ein Mikroorganismus keinen finalen 
Elektronenakzeptor zur Verfügung hat, kommt sein Stoffwechsel zum Erliegen und er wird 
inaktiv.  
Der bekannteste finale Elektronenakzeptor ist Sauerstoff, welcher von der Zelle 
aufgenommen und nach seiner Reduktion in Form von Wasser wieder an die Umgebung 
abgegeben wird. Allerdings gibt es viele Ökosysteme, in denen kein Sauerstoff vorhanden 
ist. Beispielsweise war die Erdatmosphäre bis vor ca. 3 Mrd. Jahren nahezu sauerstofffrei. 
Demzufolge haben Mikroorganismen bereits frühzeitig Strategien für die 
Energiegewinnung entwickelt, die auf anderen Elektronenakzeptoren basierten. Einige 
Mikroorganismen besitzen zum Beispiel die Fähigkeit, katabolisch generierte Elektronen 
über membranständige Redoxproteine (sogenannte Zytochrome) auf extrazelluläre, 
unlösliche Elektronenakzeptoren (z.B. Metallerze, Elektroden) zu übertragen. Man 
bezeichnet diese als elektroaktive Mikroorganismen und den dazugehörigen Prozess als 
extrazellulären Elektronentransfer (EET). Obwohl diese Mikroorganismen schon lange 
bekannt sind (Potter, Proc. Durham Univ. Phil. Soc., 1910), sind sie erst seit dem 
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Jahrtausendwechsel Gegenstand intensiver Forschung. Ein treibender Faktor hierbei war 
die Entdeckung der beiden Modellorganismen für den EET: Geobacter metallireducens 1987 
und Shewanella oneidensis 1988.  
Beim EET werden mehrere Mechanismen unterschieden: vermittelter Elektronentransfer 
(mediated electron transfer, MET), direkter Elektronentransfer (direct electron transfer, 
DET) über kurze Strecken (mit Hilfe eines direkten Zell-Elektroden-Kontaktes) sowie DET 
über längere Strecken (bis zu 150 µm). Bei letzterem bilden die Mikroorganismen 
elektrisch leitfähige, extrazelluläre Strukturen aus (sogenannte Nanodrähte), mit denen sie 
Elektronen über größere Entfernungen auf einen festen Elektronenakzeptor übertragen 
können. Dadurch sind sie in der Lage, mehrschichtige Biofilme auszubilden, wobei jede 
Schicht mit Hilfe der Nanodrähte Zugang zu einem festen Elektronenakzeptor hat. 
Weiterhin können elektroaktive Mikroorganismen auch untereinander Elektronen 
austauschen (direct interspecies electron transfer, DIET) und sogar Elektronen von festen 
Elektronendonoren aufnehmen.  
Es ist anzunehmen, dass die Bedeutung von elektroaktiven Mikroorganismen für 
natürliche Ökosysteme und Prozesse bisher unterschätzt wurde. Sie scheinen einen 
großen Einfluss auf biogeochemische Redoxzyklen von Metallen und Spurenelementen 
und den Abbau von organischem Material in Boden- bzw. Sedimentschichten zu haben. 
Darüber hinaus besitzen sie auch ein großes Potential für Anwendungen in 
biotechnologischen Prozessen (d.h. Elektro-Biotechnologie). Die bekannteste Anwendung 
ist sicherlich die mikrobielle Brennstoffzelle (MBZ). In einer MBZ konsumieren die 
Mikroorganismen organische Abfallprodukte (z.B. aus Abwasser) und geben die 
katabolisch generierten Elektronen an eine Elektrode (Anode) ab, wodurch elektrischer 
Strom produziert wird. Weiterhin ist der Einsatz von elektroaktiven Mikroorganismen 
beispielsweise bei der Sanierung von schwermetallkontaminierten Ökosystemen, bei der 
Entsalzung von Meerwasser und bei der Herstellung von Chemikalien denkbar. 
Trotz ihrer potentiellen natürlichen und biotechnologischen Bedeutung wurde die 
Thermodynamik von elektroaktiven Mikroorganismen bisher kaum untersucht. 
Thermodynamische Analysen beschränkten sich bisher auf Berechnungen der Gibbs-
Energie, die aber aufgrund von fehlenden Informationen zur Biomasse unvollständig sind 
Zusammenfassung 
4 
und somit keine komplette Energiebilanz erlauben. Zudem können diese theoretischen 
Betrachtungen keine Informationen über die Triebkräfte (d.h. Enthalpie und Entropie) für 
mikrobielle Aktivität liefern. Eine umfassende thermodynamische Analyse würde dazu 
beitragen, die ökologische Relevanz von elektroaktiven  Mikroorganismen besser 
einschätzen zu können und auch Aufschluss darüber geben, inwieweit ihre 
biotechnologische Nutzung ökonomisch sinnvoll wäre. 
Innerhalb der vorliegenden Promotionsschrift wurden Methoden entwickelt und 
umfangreiche Datensätze erarbeitet, um die Thermodynamik von elektroaktiven 
Mikroorganismen und ihrer Anwendung umfassend untersuchen zu können. Im 
Mittelpunkt stand dabei die Entwicklung eines Bioelektrokalorimeters, mit dem erstmals 
die Wärmeproduktion von elektroaktiven Mikroorganismen gemessen werden konnte 
(Kapitel 3.2). Dabei wurde ein von Geobacter-Spezies dominierter Biofilm auf einer 
Graphitanode kultiviert. Dieser konsumierte Acetat und produzierte daraus Strom. Durch 
diese kontrollierten Versuchsbedingungen und eine geeignete Versuchsführung konnten 
die verschiedenen Wärmequellen während der Stromproduktion identifiziert und 
quantifiziert werden. Zudem wurde ein zusätzlicher Wärmeeffekt entdeckt, der im 
Rahmen von elektroaktiven Mikroorganismen und deren Anwendung bisher nicht 
diskutiert wurde: die mikrobielle elektrochemische Peltier-Wärme (mePW). Der zugrunde 
liegende Effekt stellt eine energetische Hürde für den EET von elektroaktiven 
Mikroorganismen dar. Die Entropiezustände der transferierten Elektronen unterscheiden 
sich vor und nach dem Übertritt vom Zytochrom auf die Graphitanode. Um diese 
Zustandsänderung anzutreiben, muss Energie aufgewendet werden. Die investierte 
Energie wird dabei in Wärme umgewandelt und steht somit den elektroaktiven 
Mikroorganismen nicht mehr zur Verfügung. Die mePW beträgt für das getestete 
Modellsystem (Geobacter-Biofilm auf Graphitanode) 27 kJ e-mol−1. Dieser Energieaufwand 
entspricht ungefähr der Energie, die freigesetzt wird, wenn ein Mol ATP zu ADP 
hydrolisiert wird (für biochemische Standardbedingungen). Der elektrochemische Peltier-
Effekt ist für anorganische Systeme bereits bekannt (Mills, Proc. R. Soc. Lond., 1877) und 
verursacht einen erheblichen Energieverlust in Batterien und Brennstoffzellen. Obwohl der 
Einfluss der mePW auf elektroaktive Mikroorganismen noch nicht vollständig aufgeklärt 
Zusammenfassung 
5 
ist, ist davon auszugehen, dass er ihr Wachstumsverhalten in natürlichen und technischen 
Systemen erheblich beeinflusst. 
Um die Thermodynamik von elektroaktiven Mikroorganismen vollständig beschreiben zu 
können, sollten relevante anorganische Prozesse (z.B. chemische 
Gleichgewichtsreaktionen, Transportprozesse, und elektrische Felder) ebenfalls 
berücksichtigt werden, da diese elektroaktive Mikroorganismen erheblich beeinflussen 
können. Ein geeigneter interdisziplinärer Ansatz ist hierfür die Modellierung, d.h. die 
mathematische Beschreibung und Verknüpfung der einzelnen Prozesse. Deshalb wurde 
ein Modell für elektroaktive Biofilme entwickelt, das Berechnungen des mikrobiellen 
Wachstums und des extrazellulären Elektronentransfers mit chemischen 
Gleichgewichtsreaktionen der wichtigsten Mediumbestandteile, Stofftransportprozesse, 
der elektrischen Leitfähigkeit sowie statischen als auch dynamischen 
Potentialbedingungen verbindet (Kapitel 3.3). Das Modell wurde an experimentellen 
Ergebnissen von verschiedenen Forschungsgruppen validiert, die es erfolgreich simulieren 
konnte. Es kann nun dazu genutzt werden, um wissenschaftliche Hypothesen zu 
elektroaktiven Mikroorganismen zu testen und damit die experimentelle Forschung zu 
unterstützen. So konnten bereits mehrere Wissenslücken bezüglich elektroaktiver 
Mikroorganismen und des EET über parametrische Testverfahren verdeutlicht werden. 
Neben einer Aufklärung des am EET beteiligten Zytochromsystems ist weiterer 
Forschungsbedarf bei den Mechanismen der zellulären Energiekonservierung sowie deren 
Konsequenzen erforderlich. 
Die nächstliegende Anwendung von elektroaktiven Mikroorganismen ist ihre Nutzung in 
MBZ, um Abwässer zu reinigen und gleichzeitig Strom zu produzieren. Derzeit werden in 
Deutschland ca. 4 % der jährlichen Stromproduktion für die kommunale 
Abwasserreinigung genutzt. Mit der MBZ-Technologie könnte die Abwasserbehandlung 
von einem Energieverbraucher möglicherweise in eine Energieressource umgewandelt 
werden und so zu einer umweltfreundlicheren Infrastruktur beitragen. Damit diese Vision 
Realität werden kann, sind allerdings mehr Informationen zum Energiegehalt des 
Abwassers erforderlich, um die thermodynamischen Randbedingungen und die 
Wirtschaftlichkeit von MBZ einschätzen zu können. Da die dazugehörige Datenlage bisher 
unvollständig war, wurde ein umfangreicher Datensatz zum Energiegehalt von 
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kommunalem Abwasser und weiterer Abwasserparameter erstellt. Dazu wurden 
Abwasserproben getrocknet und die Standardverbrennungsenthalpie (d.h. der Heizwert) 
der Trockenmasse in einem Verbrennungskalorimeter bestimmt. Anschließend wurde der 
Heizwert einer Korrelationsanalyse mit bekannten Parametern der Abwasseranalytik 
unterzogen. Die Analyse ergab, dass sich der Heizwert des Abwassers mit Hilfe der 
Parameter chemischer Sauerstoffbedarf und gesamter organischer Kohlenstoff 
abschätzen lässt. Zudem konnte gezeigt werden, dass im Abwasser erhebliche 
Energiemengen stecken (bis zu 56,1 TWh oder ca. 9 % des jährlichen Energiebedarfs in 
Deutschland), die allerdings im Jahresverlauf erheblich schwanken. Der erstellte Datensatz 
bildet eine Grundlage für weitere Experimente, um zu analysieren, in welchem Maß die 
Energie des Abwassers mit Hilfe von MBZ und anderer Technologien in nutzbare Energie 
umgewandelt werden kann. 
Die entwickelte Methode Bioelektrokalorimetrie und das Modell für elektroaktive Biofilme 
bilden die Grundlage für eine umfassende thermodynamische Analyse von elektroaktiven 
Mikroorganismen. Diese Werkzeuge können nun dabei helfen, die Mechanismen und 
Triebkräfte hinter elektroaktiven Mikroorganismen und ihrer Fähigkeit zum extrazellulären 
Elektronentransfer besser zu verstehen. Mit diesem Wissen kann ihr Einfluss auf 
verschiedene Ökosysteme und die Möglichkeiten von elektro-biotechnologischen 
Anwendung umfassend untersucht werden. 
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Summary 
The entropy (i.e. level of disorder) continuously increases in a closed system according 
to the second law of thermodynamics. At first glance, this seems incompatible with the 
highly organized structures of biological cells and organisms as they exhibit a low entropy 
state. This contradiction is resolved by establishing an entropy balance for these structured 
entities: They import energy-rich substances and convert them in energy-yielding 
reactions. The harvested energy is partly used by cells for growth, reproduction, and 
maintenance (i.e. synthesizing and maintaining ordered structures). However, 
a considerable share of the energy is exported as entropy in the form of energy-poor 
products (i.e. metabolites and heat). Thus, the entropy state of the cell remains low while 
the entropy of the surrounding increases.  
The relationship between provided energy for cellular processes and the compensation via 
entropy production is established by the following fundamental equation: 
∆𝐺 =  ∆𝐻 − 𝑇∆𝑆 
∆𝐺, ∆𝐻, and ∆𝑆 represent here changes in Gibbs free energy, enthalpy, and entropy. The 
temperature is represented by 𝑇. Providing energy for growth and other processes 
(∆𝐺 < 0) requires the simultaneous production of entropy in the form of heat (enthalpy, 
∆𝐻 < 0) and/ or in the form of catabolic products (∆𝑆 > 0). Therefore, enthalpy and 
entropy can be considered as driving forces for cellular activity. 
Microorganisms developed different strategies for harvesting the necessary energy for 
growth being characterized by different shares of the driving forces ∆𝐻 and ∆𝑆. These 
strategies can be divided into two main groups: enthalpy-driven and entropy-driven 
growth. During the first growth mode, the required energy is mainly generated by heat 
export (e.g. aerobic oxidation of glucose by Saccharomyces cerevisiae). In contrast, the 
export of catabolic products is more important for the latter (e.g. acetoclastic 
methanogenesis of Methanosarcina barkeri ). 
Due to the huge variety of potential substrates and products as well as the versatility of 
microorganisms, different strategies for harvesting the required energy evolved. However, 
the molecular mechanisms behind the energy-yielding reactions are fairly similar. The 
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central motif of energy harvest is the linkage between the oxidation of an electron donor 
and the reduction of an electron acceptor. These two reactions are connected via a chain of 
electron transfer reactions and parts of the energy contained in the substrate are stepwise 
transduced to intracellular energy carriers during these electron transfer reactions 
(i.e. cellular energy conservation). Thereby, the formal potentials of the electron transfer 
components (i.e. the tendency of the components to receive electrons and being reduced) 
are getting step by step more positive towards the final electron acceptor, which has the 
most positive formal potential. If microorganisms do not have access to electron 
acceptors, the energy harvesting reactions stop and the microorganisms become inactive. 
The most common electron acceptor is oxygen. It is consumed by microorganisms and 
exported after its reduction to water. However, also oxygen free environments exist in 
nature. Three billion years ago, even the Earth atmosphere was almost free of oxygen. 
Obviously, microorganisms had to develop strategies for harvesting energy by using 
different electron acceptors. For instance, a few microorganisms are able to transfer 
catabolically generated electrons via outer membrane redox proteins (i.e. cytochromes) to 
extracellular, solid electron acceptors (e.g. metals and electrodes). These microorganisms 
are denominated as being electroactive and the corresponding process is called 
extracellular electron transfer (EET). Although electroactive microorganisms are long 
known (Potter, Proc. Durham Univ. Phil. Soc., 1910), they are intensively studied only the 
last two decades. An important driving force for this development was the discovery of 
model organisms for EET: Geobacter metallireducens in 1987 and Shewanella oneidensis in 
1988. 
EET is subdivided into several modes: mediated electron transfer (MET), direct electron 
transfer (DET) over short distances by a direct cell-electrode contact as well as over long 
distances. The latter is facilitated by forming extracellular, electrically conductive 
structures (nanowires) transferring electrons over long distances to a solid electron 
acceptor. This contributes to the ability of electroactive microorganisms to form multi-
layered biofilms. Thereby, every cell layer is connected via nanowires to the electron 
acceptor. Furthermore, electroactive microorganisms are able to transfer electrons among 
each other (direct interspecies electron transfer, DIET) and even receive electrons from 
solid electron donors. 
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Presumably, the importance of electroactive microorganisms for natural systems and 
processes is underestimated as they influence biogeochemical redox cycles of metals and 
trace elements and the degradation of organic matter in soil and sediment. Moreover, they 
show a great potential for being harnessed in biotechnological processes (i.e. microbial 
electrochemical technologies). Certainly, the most known application is the microbial fuel 
cell (MFC). Within a MFC, electroactive microorganisms degrade organic matter 
(e.g. wastewater compounds) and transfer the catabolically generated electrons to an 
electrode (i.e. anode) thereby producing electrical energy. Electroactive microorganisms 
can, among others, also be harnessed for bioremediation of heavy metal-contaminated 
environments, in desalination approaches and for the production of chemicals. 
Despite the possible natural and biotechnological importance of electroactive 
microorganisms, their thermodynamics were not subject of intensive studies. Up to now, 
thermodynamic analyses were solely restricted to treaties of Gibbs free energy. Due to the 
lack of knowledge on biomass formation, these calculations have to remain incomplete 
and cannot provide a complete energy balance of electroactive microorganisms. 
Furthermore, no information on the driving forces (i.e. enthalpy and entropy) for microbial 
activity can be obtained from these theoretical considerations. However, a comprehensive 
thermodynamic analysis would contribute to a better understanding of the ecological 
relevance of electroactive microorganisms and the economic feasibility of potential 
applications, respectively. 
Therefore, the thesis at hand focused on method development and the creation of a data 
set for analyzing the thermodynamics of electroactive microorganisms and possible 
applications. The main objective was the design of a bioelectrocalorimeter for measuring 
the heat production of electroactive microorganisms for the first time (chapter 3.2). 
Thereby, a Geobacter species dominated biofilm consuming acetate and producing current 
was cultivated at a graphite anode. Due to this experimental setup and controlled 
experimental conditions, the different heat sources during current production could be 
identified and quantified. Furthermore, an additional heat flux was observed that was not 
discussed in the context of electroactive microorganisms so far: the microbial 
electrochemical Peltier heat (mePh). The underlying effect represents a severe energetic 
hurdle for EET and is caused by different entropy states of the electron before and after 
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the electron transfer from the cytochrome to the anode. This change in state of matter of 
the electron has to be compensated by an energy investment resulting in a heat flux and 
the invested energy is no longer available for the electroactive microorganisms. The mePh 
has a value of 27 kJ e-mol−1 for the tested model system (graphite anode covered with a 
Geobacter biofilm). Thus, the required energy input is in the range of the energy that is 
released when one mole of ATP is hydrolyzed to ADP (for biochemical standard 
conditions). The electrochemical Peltier heat (ePh) is long known for abiotic systems (Mills, 
Proc. R. Soc. Lond., 1877) and represents a substantial energetic loss in battery and fuel cell 
systems. Although the impact of the mePh on electroactive microorganisms is not fully 
elucidated, it can be assumed that it considerably influences their growth behavior in 
natural and technical systems. 
A comprehensive analysis of the thermodynamics of electroactive microorganisms 
requires the consideration of relevant inorganic processes (e.g. chemical equilibrium 
reactions, fluxes of chemicals, and electrical fields) as they influence the activity of 
electroactive microorganisms. A suitable interdisciplinary approach for assessing the 
complex condition and processes during EET is modeling, i.e. the mathematical description 
of single processes and the linkage with each other. Therefore, a model for electroactive 
biofilms was developed that connects calculations of microbial growth and EET with 
chemical equilibrium reactions of the most important medium compounds, electrical 
conduction, fluxes of compounds, and dynamic as well as static potential conditions 
(chapter 3.3). Afterwards, the model was validated, i.e. it could successfully simulate 
experiments from different research groups under varying conditions. Henceforth, the 
model can be used for testing scientific hypotheses about electroactive microorganisms 
and thereby supporting experimental research. By using a parametric sweep method, 
several existing knowledge gaps were identified: further research is needed to elucidate 
the cytochrome system facilitating EET and to explore the cellular energy conservation 
mechanisms and their consequences, respectively. 
Electroactive microorganisms could potentially be harnessed in MFCs for cleaning 
wastewater while simultaneously producing current. Currently, 4 % of Germany’s annual 
power production is used for clarifying municipal wastewater. The MFC technology could 
turn the energy sink wastewater treatment into a net energy producer and thus 
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contributing to a sustainable infrastructure. For accomplishing this vision, more 
information on the energy content of wastewater is necessary in order to assess the 
thermodynamic limitations and economic feasibility of MFCs. Thus, a comprehensive data 
set on the energy content of wastewater and other wastewater related parameters was 
created for improving the insufficient data fundament. By using combustion calorimetry, 
the heat of combustion of dried wastewater samples was assessed and subsequently 
correlated to standardly used parameters of wastewater analysis. The results indicated 
that the heat of combustion can be estimated with the parameters chemical oxygen 
demand and total organic carbon. Furthermore, the analysis showed that wastewater 
contains a substantial amount of energy (up to 56. 1 TWh or 9 % of Germanys gross 
electricity consumption), although it fluctuates over the course of one year. The 
established data set provides the foundation for further experiments in order to analyze 
the amount of energy stored in wastewater that can be exploited by MFCs and other 
technologies. 
The developed method bioelectrocalorimetry and the model for electroactive biofilms 
form the fundament for a comprehensive analysis of the thermodynamics of electroactive 
microorganisms. By using these tools, the mechanisms and driving forces for electroactive 
microorganisms and their capability of performing extracellular electron transfer can be 
explored. Based on this knowledge, their impact on natural environments and microbial 
electrochemical technologies can be assessed in more detail in future. 
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List of symbols 
𝛼 charge transfer coefficient 
𝑎i thermodynamic activity coefficient of i-th species 
𝐸 electrode potential, V  
𝐸0 standard potential for standard conditionsa, V  
𝐸0′ standard potential for biochemical standard conditionsb, V  
𝐸Anode anode potential, V 
𝐸i
f formal potential of i-th redox species under non-standard 
conditions, V 
𝐸EET
f  formal potential of the outer membrane cytochromes responsible 
for extracellular electron transfer (EET), V 
𝐶 concentration, mol m−3 
∆𝐶Redox concentration gradient of the redox mediators, mol m
−3 
∆𝐶Substrate consumed substrate, mol m
−3 
𝐶𝐸 Coulombic efficiency, % 
𝐷Redox diffusion coefficient of the redox mediators in water, m
2 s−1 
𝐹 Faraday constant, 96485.34 C mol−1 
𝐺 Gibbs free energy, J mol−1 
∆𝐺Cat Gibbs free energy per catabolically generated electron, J e-mol
−1 
∆f𝐺i
0 standard Gibbs free energy of formation of i-th species for standard 
conditionsa, J mol−1 
∆R𝐺
0 standard Gibbs free energy of reaction for standard conditionsa, 
J mol−1 
∆R𝐺
0′ standard Gibbs free energy of reaction for biochemical standard 
conditionsb, J mol−1 
                                                          
a
 1 mole of the respective reactants, 298.15 K, 101.325 kPa, pH = 0 
b
 1 mole of the respective reactants, 298.15 K, 101.325 kPa, pH = 7 
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∆R𝐺 Gibbs free energy of reaction for non-standard conditions, J mol
−1 
𝐻 enthalpy, J mol−1 
∆C𝐻 heat of combustion, J mol
−1 
∆C𝐻Vol heat of combustion related to wastewater volume, J L
−1 
∆R𝐻j enthalpy of j-th reaction, J mol
−1 
𝐼 current, A 
𝑗 current density, A m−2 
𝑗0 exchange current density, A m
−2 
𝜅Biofilm biofilm conductivity, S m
−1 
𝐾S half-saturation coefficient for the substrate, mol 
𝛱 electrochemical Peltier heat coefficient, J e-mol−1 
𝛱m microbial electrochemical Peltier heat coefficient, J e-mol
−1 
𝑝 partial pressure, Pa 
𝑄 total heat, J 
𝑟E,i export rate of i-th species, mol s
−1 
𝑟R,j reaction rate of j-th reaction, mol s
−1 
𝑅 universal gas constant, 8.31 J mol−1 K−1 
𝑆 entropy, J K−1 mol−1 
𝑆i molar entropy of i-species, J mol
−1 K−1 
𝑇 temperature, K 
𝑡 time, s 
𝜈i stoichiometric coefficient of i-th species 
∆𝑥 transport distance, m 
𝑧 number of transferred electrons 
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1 Structure and aims of the thesis 
 With respect to their absolute biomass and diversity, prokaryotes are one of the 
most abundant forms of life inhabiting planet Earth1-3. Bacteria and Archaea are able to 
colonize various natural and artificial environments, e.g. deep oceans2, sulfur springs4, the 
interior as well as the exterior of the human body5, and plastic bottles recycling sites6. 
Similar to the wide diversity of potential habitats, the strategies for harvesting energy and 
thus of cellular life are also versatile. Prokaryotes are able to virtually utilize an infinite 
number of inorganic and organic substances for producing usable energy ranging from 
biological macromolecules (e.g. lignin) to metals (e.g. iron)7. 
In contrast, the main principle of chemotrophic energy harvest appears uniform: An 
electron donor is oxidized releasing electrons that are channeled by redox reactions to a 
terminal electron acceptor being reduced (chapter 2.1.1). However, the number of electron 
donors, acceptors and their different combinations are virtually unlimited (chapter 2.1). A 
unique and fascinating mode of the last reduction step is the extracellular electron transfer 
(EET) to a solid electron acceptor beyond the cell membrane (chapter 2.2.1). Initially, EET 
was considered as a rare mode of microbial energy metabolism for a rather small 
ecological niche8 but it becomes more and more evident that EET plays an important role 
in biogeochemical redox cycles, the degradation of organic matter in soil and sediment, 
and within microbial communities (chapter 2.2.2). Moreover, harnessing these so-called 
electroactive microorganisms, capable of EET, in microbial electrochemical technologies 
(METs) holds great potentials for biotechnological applications (chapter 2.2.3)9,10. For 
instance, wastewater can be used as substrate for producing electricity by using microbial 
fuel cells (MFCs) (chapter 2.2.3.1). 
Although the understanding of electroactive microorganisms and EET reactions made 
considerable progress over the last years, several knowledge gaps remain unexplored: 
Numerous compounds of the intracellular electron transfer chain are already known 
(chapter 2.2.1.2) but most of the molecular mechanisms and protein interactions that 
facilitate the electron transfer across the outer membrane are still unknown. Furthermore, 
the principles of energy conservation need to be elucidated for better classifying the 
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impact of electroactive microorganisms on natural environments and for successful 
biotechnological applications. 
 
The key for a complete comprehension of electroactive microorganisms and EET reactions 
is a detailed understanding of their thermodynamics and the energy fluxes during EET 
reactions, respectively (chapter 2.3.2). Bioelectrocalorimetry (chapter 2.3.3) and 
mathematical modeling (chapter 2.4) are proposed as appropriate methods for analysing 
the thermodynamics of electroactive microorganisms. Thus, the thesis at hand aims at:  
i) The development of a bioelectrocalorimeter for analysing the energy fluxes 
during EET reactions of electroactive microorganisms (Publication 1 in 
chapter 3.2). 
 
ii) Generating a modeling platform for electroactive microorganisms comprising 
microbial growth thermodynamics and kinetics, electrochemistry, chemistry, 
and physics (Publication 2 in chapter 3.3) 
 
iii) Performing a correlation analysis of the energy content of wastewater and 
inorganic wastewater parameters for providing thermodynamic information 
on a potential application of electroactive microorganisms within the scope of 
METs (Publication 3 in chapter 3.4) 
 
At the end of the thesis, the discovered microbial electrochemical Peltier heat is discussed 
(chapter 4.2). This effect was not described before, but it presumably has considerable 
thermodynamic consequences on electroactive microorganisms (chapter 4.3). The 
developed model for electroactive microorganisms represents an interdisciplinary 
approach for resolving uncertainties behind the thermodynamics of electroactive 
microorganisms (chapter 4.4). Finally, the energy content of wastewater (chapter 4.5) as 
well as further research topics (chapter 6), based on this thesis, are discussed.   
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2 Introduction 
2.1 Thermodynamics of microorganisms 
 
“Thermodynamics does not lie” 
(Unknown author) 
 
 Erwin Schrödinger stated 1944 in his book “What is life?” that living organisms 
have to consume negative entropy, or negentropy, for surviving and emphasized that this 
is the essential objective of metabolism11. With this remark, he tried to solve the 
contradiction of the existence of highly organized entities, e.g. cells and organisms, in a 
universe that tends to maximize its disorder. His statement was controversially discussed, 
even until the end of the last century12. Presumably, one might rather agree that cells 
harvest energy (i.e. Gibbs free energy, ∆𝐺) from substrate oxidation (i.e. catabolism) and 
export a certain share of this energy to enable growth and maintenance processes (Figure 
1) as Schrödinger also clarified in a footnote of his book11. The exported energy represents 
the driving force for growth and is composed of heat (i.e. enthalpy, ∆𝐻) and oxidized 
products (i.e. entropy, ∆𝑆) (Figure 1). 
 
 
Figure 1 Energy transduction in microorganisms: Substrate molecules are degraded 
yielding Gibbs free energy (∆𝐺). Energy is used for growth and 
maintenance processes, but a share of energy is exported as oxidized 
products (i.e. entropy, ∆𝑆) and as heat (i.e. enthalpy, ∆𝐻). These two 
thermodynamic values represent the driving force for microbial activity. 
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According to the 2nd law of thermodynamics, a closed system tends to maximize its 
entropy (equation 1): 
d𝑆Closed system
d𝑡
≥ 0 (1) 
It may seem remarkable that microorganisms live and thrive but do not decay. The key to 
understand this contradiction is the concurrence of generation of order and export of 
disorder. As life and growth are clearly irreversible processes, they produce entropy 
(equation 2). However, biological cells have to export entropy (equation 3) for maintaining 
their highly organized structure.  
d𝑆Production
d𝑡
≥ 0 (2) 
 
d𝑆Cells
d𝑡
≤ 0 (3) 
The entropy export is achieved by the production and the subsequent export of small 
molecules (equation 4, 𝑆i representing the molar entropy of i-species and 𝑟E,i representing 
the export rate of i-th species).  
d𝑆Export
d𝑡
= ∑ 𝑆i  ∙  𝑟E,i
i
 ≤ 0 (4) 
The summarized entropy of the products is higher than the entropy of the substrates. This 
process probably corresponds to Schrödinger’s negative entropy. The second opportunity 
for entropy export is heat exchange with the environment (equation 5). 
d𝑄
d𝑡
≤ 0 (5) 
Heat corresponds to enthalpy, a thermodynamic quantity related to the internal energy of 
a system plus volume work (equation 6).  
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d𝐻 = d𝑈 +  𝑝d𝑉 + 𝑉d𝑝 (6) 
In the absence of volume work the heat exchange with the surrounding equals the overall 
change in enthalpy of a system (equation 7, ∆R𝐻j representing the enthalpy of j-th reaction 
and 𝑟R,j representing the reaction rate of j-th reaction).  
d𝑄
d𝑡
=  ∑ ∆R𝐻j  ∙  𝑟R,j
j
 (7) 
The sum of produced entropy within a growth system (e.g. biological cell, equation 2), 
exported entropy in form of oxidized products (equation 4) and heat exchange with the 
surrounding (equation 5) leads to an overall entropy balance of the growth system 
(equation 8). A positive value for this entropy balance (i.e. export of entropy) enables cells 
to maintain a low entropy state (i.e. negative entropy balance, equation 3). 
d𝑆Production
d𝑡
+
d𝑆Export
d𝑡
+
d𝑄
𝑇d𝑡
≥ 0 (8) 
The enthalpic (i.e. export of heat) and entropic (i.e export of chemical energy) driving 
forces for growth can be summarized in terms of Gibbs free energy (equation 9). 
∆𝐺 = ∆𝐻 − 𝑇∆𝑆 (9) 
The required energy for growth and maintenance is obtained by the degradation of a 
substrate (Figure 1) and is principally determined by the difference between the Gibbs free 
energy of formation of educts and products (equation 10). However, the harvested energy 
also depends on the thermodynamic activity of reactants and temperature. Thus, for 
obtaining relevant values for natural systems, the standard Gibbs free energy of reaction 
(∆R𝐺
0, at chemical standard conditions: 298.15 K, 101.325 kPa, pH = 0, 
thermodynamic activity = 1) has to be corrected for non-standard conditions (∆R𝐺) 
(equation 11). The Gibbs free energy of reaction solely adapted to biochemical standard 
conditions (298.15 K, 101.325 kPa, pH = 7, thermodynamic activity = 1) is referred to as 
∆R𝐺
0′. 
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∆R𝐺
0 = ∑ 𝑣i∆f𝐺i, Products
0
i
+ ∑ 𝑣i∆f𝐺i, Educts
0
i
 (10) 
 
∆R𝐺 = ∆R𝐺
0 + 𝑅𝑇 ln (
∑ 𝑎Products
∑ 𝑎Educts
) (11) 
Due to a huge variety of potential substrates, possible products and the versatile nature of 
microorganisms, a plethora of microbial lifestyles evolved with different strategies for 
generating the necessary driving forces. From a thermodynamic perspective, these 
strategies can be divided in four groups: enthalpy-driven, enthalpy-retarded, entropy-
driven and entropy-retarded (Figure 2). For example, the aerobic growth of Saccharomyces 
cerevisiae on glucose is a clear enthalpy-driven process as the driving force is almost 
entirely generated by heat exchange with the environment (Figure 2, aerobic respiration)13. 
During growth of Methanobacterium thermoautotrophicum, performing anaerobic 
hydrogenotrophic methanogenesis, the importance of the driving force heat exchange is 
even more pronounced. In this case of entropy-retarded growth, the heat flux has to 
compensate for the decrease in entropy when the archaea converts four moles hydrogen 
and one mole carbon dioxide to roughly one mole methane and two moles water (Figure 2, 
methanogenesis on CO2+H2)
14. When Kluyveromyces fragilis anaerobically ferments 
glucose into the smaller molecules carbon dioxide and ethanol, it performs entropy-driven 
growth as the export of products (i.e. entropy) provides a huge share of the required 
driving force (Figure 2, fermentation)15. Although a heat consuming growth process seems 
implausible on the first sight, it is allowed according to the 2nd law of thermodynamics16. So 
far, Methanosarcina barkeri, degrading acetate into methane and carbon dioxide, is the 
only proven organism that exhibits an endothermic heat balance during growth17. The 
entropy generated by the production and evaporation of carbon dioxide and methane 
overcompensates the heat uptake (Figure 2, methanogenesis on acetate)17. 
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Figure 2 Schematic illustration of the strategies for microbial metabolism. The 
production of small molecules is the main contributor during entropy-
driven growth. In an enthalpy-retarded growth mode, the entropy has to 
overcompensate heat uptake. In contrast, the production of heat primarily 
provides the driving force during enthalpy-driven growth and has to 
compensate entropy consumption during entropy-retarded growth. This 
figure is adapted from von Stockar and Liu18. 
 
2.1.1 Redox potentials and redox reactions 
The concept of Gibbs free energy describes thermodynamic potentials providing 
information on the maximum work a system can perform (under isobaric and isothermal 
conditions) and whether reactions occur spontaneously or require energy input under 
given conditions. Another approach for describing driving forces and being equally suited 
for redox reactions (i.e. electron transfer reactions) is the redox potential. The redox 
potential describes the tendency of a substance to donate electrons (and getting oxidized) 
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or to accept electrons (and getting reduced). Compounds with a negative redox potential 
likely donate electrons and compounds with a positive redox potential tend to accept 
electrons.  
Similar to Gibbs free energy, the concept of redox potential describes a thermodynamic 
potential and thus requires a reference state to enable comparability. This is achieved by 
relating the standard potential of a certain redox species (𝐸0) to an electrochemical 
reference half-cell (e.g. standard hydrogen electrode (SHE)a) under standard conditions 
(298.15 K, 101.325 kPa, pH = 0, thermodynamic activity = 1). Equation 12 relates the 
standard potential of a reaction to Gibbs free energy of reaction (equation 10, chapter 2.1): 
𝐸0 = −
∆R𝐺
0
𝑧𝐹
 (12) 
The potential adapted to biochemical standard conditions (298.15 K, 101.325 kPa, pH = 7, 
thermodynamic activity = 1) is referred to as biochemical standard potential (𝐸0′) and the 
actual redox potential observed under non-standard conditions is called formal 
potential (𝐸f).  
During catabolic reactions, electrons are transferred from an electron donor, i.e. substrate 
(e.g. glucose, Figure 3), with a negative redox potential via several intracellular redox 
compounds to a final electron acceptor with a positive redox potential. Therefore, 
substrate degradation is followed by a chain of consecutive electron transfer steps. During 
these electron transfer steps, energy is harvested from the electrons and stored in reduced 
energy equivalents subsequently used for microbial activity.  
The formal potentials of the intracellular redox compounds are becoming stepwise more 
positive during the electron transfer processes (e.g. electron transfer from NADH 
(𝐸0’ ≈ −300 mV, Figure 3) to menaquinone (𝐸0’ ≈ −50 mV, Figure 3) until a terminal electron 
acceptor is reduced and exported to the environment (e.g. O2, 𝐸0’ ≈ 820 mV, Figure 3). 
Consequently, the electron leaves the cell via the exported electron acceptor. Only if this 
sequence of electron transfer steps is maintained, microbial energy harvest proceeds. The 
most prominent soluble final electron acceptor is oxygen (used during aerobic respiration) 
                                                          
a
 All potential values in this thesis are provided versus standard hydrogen electrode (SHE). 
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enabling microorganisms to grow fast as its redox potential is very positive, and thus the 
microbial energy harvest is high. However, due to the adaptive capacity of 
microorganisms, different forms of energy harvest evolved enabling microorganisms to 
use, for instance, insoluble compounds as terminal electron acceptors (chapter 2.2). 
 
 
Figure 3 Biochemical standard potentials (in mV vs. standard hydrogen electrode) 
of electron donors, electron acceptors and intracellular redox compounds 
for biochemical standard conditions (298.15 K, 101.325 kPa, pH = 7, 
thermodynamic activity = 1). Intracellular redox compounds often possess 
a potential window depending on physiological conditions. Every 
compound is represented by its oxidized/ reduced form. This figure is 
adapted from Kracke et al.19 and Rabaey et al.10. 
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2.2 Electroactive microorganismsa  
 Anaerobic environments do not contain oxygen that can be used as final electron 
acceptor by microorganisms. Thus, they had to develop other strategies for transferring 
catabolically generated electrons beyond the cell membrane. One opportunity is the 
extracellular electron transfer (EET, chapter 2.2.1) to insoluble electron acceptors like 
metal ions (e.g. iron, manganese) and electrodes. Microorganisms capable of EET are 
called electroactive microorganisms. 
Even though most of the publications regarding electroactive microorganisms were 
published in the last two decades9, the general concept of EET is longer known. In 1910, 
Potter described an experimental setup that exhibited an “electromotive force” when 
microbial cultures degraded organic substances10. In the 1960s, the NASA started a 
research program to study technologies based on EET for waste recycling and 
simultaneous current production in space but found photovoltaic devices as more 
appealing in terms of temporal proximity of application20-22.  
After erratic times of interest, electroactive microorganisms drifted out of focus for several 
years until Derek Lovley isolated Geobacter metallireducens from Potomac River in 198723 
and Myers and Nealson described Shewanella oneidensis in 198824,25. The bacteria’s 
capabilities to reduce metal minerals and interact with electrodes made them model 
organisms for EET and induced new interest in electroactive microorganisms and microbial 
electrochemical technologies (chapter 2.2.3). 
Surprisingly, a wide diversity of microorganisms can be regarded as electroactive and are 
capable of interacting electronically with its environments including gram-negative 
bacteria, gram-positive bacteria and different phyla: e.g. Shewanella oneidensis25, 
Geobacter sulfurreducens26, Sporomusa ovata27, Thermincola ferriacetica28 and even 
Escherichia coli 29. Up to now, 94 species (bacteria and archaea) are reported being 
electroactive30. Although the definition of electroactive bacteria comprises electrotrophs 
(i.e. receiving electrons from a solid electron donor)31 and exoelectrogens (i.e. transferring 
electrons to a solid electron acceptor)32, the thesis at hand focuses on the latter. 
                                                          
a
 Although the thesis at hand refers to electroactive microorganisms, it will focus hereafter on 
electroactive bacteria as they represent the main subject of interest in the related research field. 
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2.2.1 Extracellular electron transfer 
2.2.1.1 Modes of extracellular electron transfer 
 The mechanisms of transferring electrons to solid acceptors are principally 
categorized in two main groups: mediated electron transfer (MET, Figure 4A) via soluble 
redox mediators and direct electron transfer (DET; Figure 4B, C, and D). Recently, several 
experimental results indicated that a further mode of extracellular electron transfer plays a 
considerable role within microbial communities: direct interspecies electron transfer33 
(DIET, Figure 4E). EET processes are mostly analyzed using electrodes (Figure 4), 
i.e. anodes (promoting oxidation reactions) and cathodes (promoting reduction reactions). 
Redox mediators harnessed for MET are artificially added (e.g. neutral red34, methyl 
viologen35) or are self-synthesized by bacteria (e.g. riboflavins36). The most common model 
organism for MET is Shewanella oneidensis secreting reduced flavins37 or reducing flavin 
molecules via outer membrane cytochromes of the Mtr-pathway38. After transport to a 
nearby metal or electrode surface (mainly via diffusion and migration), the reduced 
mediators are oxidized at the surface and are available for another redox cycle37. Thus, a 
redox gradient, composed of redox mediators, is formed39 enabling bacteria to constantly 
transfer electrons to the oxidizing surface. In addition, flavin molecules can bind more 
permanently to outer membrane cytochromes shifting its formal potential and increasing 
electron transfer rates from bacteria to the solid electron acceptor40 (Figure 4D). The use of 
exogenous redox mediators is controversially debated as it is linked to several 
disadvantages: toxic effects on humans, low efficiencies and a constant loss in open 
environments32,41,42. Nevertheless, MET is considered as a useful tool for improving the 
redox balance of microorganisms during biotechnological relevant processes resulting in 
an increased product yield (e.g. electrofermentation)43,44. 
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Figure 4  EET mechanisms performed by electroactive microorganisms. 
(A) Mediated electron transfer (MET): A reversible redox mediator is 
reduced by the microorganism and transported to an electrode. After 
oxidation, the redox mediator is available for a further redox cycle. 
(B) Direct electron transfer (DET) via outer membrane cytochromes closely 
contacted to an electrode. (C) DET via conductive pili (“nanowires”) 
enabling microorganisms to form multilayered biofilms. (D) Redox 
mediator (e.g. flavin) binds to outer membrane cytochrome enabling 
microorganisms to perform DET with a higher electron transfer rate. 
(E) Direct interspecies electron transfer (DIET): Bacteria exchange 
electrons with each other via outer membrane cytochromes.  
 
A permanent electrical connection between electroactive microorganisms and an oxidizing 
surface is established when DET is performed (Figure 4). This mechanism is extensively 
studied in Geobacter species being directly contacted to an anode via outer membrane 
cytochromes (Figure 4B, D) or conductive pili (“nanowires”, Figure 4C). The first can be 
considered as short-range electron transport. Apparently, biofilms (i.e. aggregates of cells 
embedded in a matrix of extracellular polymeric substances (EPS)) solely based on this 
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electron transfer mode only consist of a single layer of bacteria at an oxidizing surface26. 
However, a few Geobacter species are capable of transferring electrons over longer 
distances via pili structures45,46. The mode of electron transfer along the conductive pili 
within the biofilm matrix is heavily debated at the moment as different experimental 
results indicate an electron hopping mechanism as well as metal-like conductivity47-49. This 
issue is assessed in Publication 2 (chapter 3.3). Nevertheless, long-range electron transport 
enables Geobacter species to form multilayered biofilms (more than 50 µm)50 composed of 
a conductive EPS matrix51 and exhibiting a high conductivity (up to 5 mS cm−1)52. Studies on 
electroactive biofilms include pure cultures of Geobacter species53 as well as mixed 
communities with conditions selecting for Geobacter species (>85 %)54,55. In the following, 
microorganisms performing DET at anodes are termed biofilm anodes representing a 
functional connection between the microbial metabolism and the anode producing current 
from the degradation of organic compounds. 
 
2.2.1.2 The pathway of electrons within Geobacter species 
The pathway of catabolically generated electrons across the lipid bilayer of 
Geobacter species to a solid electron acceptor is a major subject of research as it represents 
the basis for the energy metabolism. The genome of Geobacter sulfurreducens contains 
more than 110 genes coding for putative cytochromes potentially involved in EET 
reactions56. The different cytochromes have their own specific formal potentials or rather 
formal potential windows that partly overlap with each other (Figure 3). Consequently, a 
branched network of cytochromes is formed rather than a one-way electron pathway19. 
This complex network has also the capability of storing electrons and represents a 
biological supercapacitor57. Experimental evidences suggest that different cytochromes 
are necessary to reduce different terminal extracellular electron acceptors (Figure 5)58. 
Originating from catabolic reactions, the electrons are transferred via NADH 
dehydrogenase, menaquinone pool and the inner membrane cytochrome MacA to the 
periplasm. Here, cytochromes of the PpcA-family (PpcA-PpcE) transfer the electrons 
further to outer membrane cytochromes (Figure 5)19,59. If the terminal electron acceptor is 
an iron species (Fe(III) citrate, ferrihydrate, or other Fe(III) oxides), the cytochromes OmcS, 
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OmcE and the porine-cytochrome protein complex OmcB/C presumably facilitate the last 
electron transfer step (Figure 5)60-62. Mn(IV) oxide is reduced by the cytochromes OmcS 
and OmcE and U(VI) oxide is reduced by OmcE (Figure 5)60,63. The conductive pili 
responsible for long-range electron transport consist of the structural conductive protein 
PilA and are coated with OmcS cytochromes (Figure 5)48,64,65. OmcZ facilitates the 
connection between pili and anode as well as the direct contact between Geobacter species 
and anode (Figure 5)53,66. 
 
 
Figure 5 Schematic illustration of the proposed pathways of electrons from the 
catabolism to different final electron acceptors in Geobacter species. 
Catabolically generated electrons are transferred via NADH dehydrogenase, 
menaquinone pool (MQ/ MQH2) and the inner membrane cytochrome MacA 
to the periplasmic cytochromes of the PpcA family (PpcA-PpcE). Afterwards, 
the electrons are transferred to the outer membrane cytochromes (OmcB/C, 
OmcE, OmcS and OmcZ) and finally to different solid electron acceptors 
beyond the cell membrane. Long-range electron transport is facilitated by 
pili consisting of PilA, coating OmcS cytochromes and OmcZ cytochromes 
at the interface to the anode. *OmcB/C is composed of three subunits: 
OmaB/C, OmbB/C and OmcB/C. This figure is adapted from Kracke et al.19 
and Santos et al.59. 
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2.2.2 Ecological relevance of electroactive microorganisms and EET 
 A detailed analysis of the role of electroactive microorganisms in nature and their 
evolutionary origins is indispensable for a complete understanding of EET mechanisms. 
Considering that iron is the fourth most abundant element in the Earth crust (according to 
mass fraction) and the redox potentials of several iron species are more positive 
(e.g. Fe3+/ Fe2+: 𝐸0′ = 770 mV)67 than many potential substrates (Figure 3), it is obvious why 
the electron transfer chain of electroactive microorganisms evolved to encompass the 
outer membrane transferring electrons to iron (or other metals) beyond the cell 
membrane. Metals represent typical electron acceptors for electroactive microorganisms 
in natural environments, but the mainly used electron acceptor material in experimental or 
technical approaches is graphite as it is cheap and malleable68. However, the evolutionary 
explanation for the ability of electroactive microorganisms to perform respiration with 
graphite anodes is unknown so far. One possible explanation is the occurrence of large coal 
beds connecting anaerobic and aerobic zones and acting as an inexhaustible electron sink 
for anaerobic bacteria68. Here, electrons are transferred by anaerobic bacteria to the coal 
bed and then conducted within the coal bed to aerobic zones being finally transferred to 
oxygen68. 
Even though the origin of EET is not fully resolved, its potential importance for natural 
environments cannot be denied. EET is supposed to influence deposition, mobility, 
toxicity, and bioavailability of many trace elements and metals. Thus, it has an role in 
biogeochemical redox processes69. Furthermore, exoelectrogens degrade organic matter 
in soil and sediment and use humic substances as redox shuttles for transferring the 
electrons from anaerobic to aerobic areas, hence, participating in the carbon cycle70. The 
nitrogen cycle could also be affected by electroactive bacteria as the occurrence of 
electroactive denitrifying microbiomes is proven71.  
Recent studies suggest DIET, i.e. a functional electrical contact between two species based 
on biological structures (chapter 2.2.1.1), as new mode of syntrophy in complex microbial 
communities72. Although most of the experimental results refer to methanogenesis33 or are 
based on laboratory evolution73, it is likely that this mechanism is widespread in nature as it 
was already observed between two different domains of life: bacteria and archaea74. 
Moreover, the existence of complex microbial communities implies the presence of 
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established multilayered food webs. Here, DIET could function as an opportunity for 
transferring electrons from zones of electron excess (i.e. substrate excess) to zones of 
electron/ energy demand respectively zones of excess electron acceptors (e.g. oxygen, 
metal ores). Consequently, DIET could serve as connection between aerobic and anaerobic 
environments. This was already shown for multicellular Desulfobulbaceae filaments 
electrically linking sulphide oxidation with oxygen reduction across several centimetres75. 
 
2.2.3 Biotechnological applications of electroactive microorganisms 
 The electrochemical interaction between microorganisms and electrodes can be 
utilized in microbial electrochemical technologies (METs)9. These promising technologies 
provide solutions for substantial problems of mankind, e.g. increasing environmental 
pollution, dwindling resources and the food vs. fuel dilemma. Possible applications of 
METs include current production from the cleaning of wastewater76, synthesis of fine and 
platform chemicals10, desalination77 and bioremediation of nitrate- and uranium-
contaminated environments78,79.  
The most prominent example of a MET is a microbial fuel cell (MFC) converting chemical 
energy stored in organic compounds in electricity. A MFC consists of an anode and a 
cathode separated by an ion exchange membrane (Figure 6). Microorganisms degrade 
organic compounds and transfer catabolically generated electrons to the anode via EET 
and thus produce electricity. The electric circuit is closed by coupling the anodic oxidation 
reaction with a reduction reaction at the cathode, e.g. oxygen reduction reaction (Figure 
6). Furthermore, cations are transported from the anodic to the cathodic compartment for 
charge balancing (Figure 6). 
A widespread substrate for MFCs is wastewater (chapter 2.2.3.1). The anodic oxidation of 
wastewater compounds (and therefore cleaning of wastewater) is coupled with the 
generation of electricity (Figure 6). This double beneficial application was firstly proposed 
by Kim in 200176 and made significant progress since then. First lab scale reactors were 
operated with approximately 500 mL reactor volume and an operational time of 3380. 
Recently, Heidrich et al. operated an 88 L working volume pilot scale over the period of 
12 months81 and Brown et al. tested a technical scale microbial electrolysis cell with real 
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wastewater and developed a model for evaluation and comparison of further scale-up 
approaches82. Furthermore, optimization of the biofilm community83, electrode 
geometry84, and electrode material85 led to a remarkable exponential increase in power 
output at lab scale over the last two decades86. However, first pilot plant applications of 
MFCs with real wastewater were not successful and suffered from low current production 
rates and high maintenance requirements87. Therefore, more experimental efforts are 
necessary to further increase the knowledge on electroactive microorganisms and to solve 
technological hurdles of MFCs, e.g. transport rate limitations88. 
 
 
Figure 6 Scheme of a microbial fuel cell (MFC) converting the chemical energy 
stored in organic compounds (e.g. from wastewater) to electricity. The 
biofilm anode consumes organic wastewater compounds, metabolizes 
them and transfers electrons to the anode. The counter reaction at the 
cathode is typically the oxygen reduction reaction. Cations are transported 
from the anodic to the cathodic compartment across an ion exchange 
membrane for charge balancing. 
 
Another subfield of METs has become more and more relevant in the last couple of years: 
microbial electrosynthesis (MES), i.e. “the execution of microbially catalyzed 
electrochemical reactions to transform a substance into a desired product”9. Although this 
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definition comprises anodic and cathodic processes, the focus is clearly on the latter. The 
microbial ability to receive electrons from a cathode (i.e. electrotrophy) is especially 
appealing from the perspective of storing excess electrical energy from wind turbines and 
photovoltaic systems in biofuels and biochemicals10. The reduction of carbon dioxide to 
acetate by Sporomusa ovata was a first demonstration of the simultaneous sequestration 
of a greenhouse gas and the production of a valuable chemical27. The production of larger 
molecules like butyrate or caprylate can also be steered via MES89,90. Considering current 
costs, the bioelectrochemical upgrade of hexose to lysine is already economically 
compatible compared to classical fermentations91.  
The mechanisms behind electrotrophy remain vague and some uncertainties exist 
concerning the metabolic and energetic consequences of this EET process19,92. Even 
though direct electron transfer reactions are often proposed in MES experiments, it cannot 
be easily excluded that small molecules, e.g. hydrogen or formate, are extracellularly 
produced and rapidly consumed by microorganisms93-95. Hence, further research on the 
fundamentals of cathodic EET processes is required. 
 
2.2.3.1 Wastewater - a valuable substrate for METs  
Investing more experimental and monetary efforts in METs is reasonable if the 
present situation of wastewater treatment and the potential advantages of MFCs are 
considered. In Germany, 10 billion m3 of municipal wastewater are produced every year96. 
Assuming an average energy content of 6.7 kJ L−1 (based on three measurement points 
provided by Heidrich et al.97 and Shizas et al.98), wastewater represents an energy resource 
of 18.6 TWh corresponding to 3 % of Germany’s gross electricity consumption in 201597-99. 
Moreover, considering that 4 % of Germany’s annual power production is used for 
clarifying wastewater with conventional treatment plants100, the energy-producing as well 
as the energy-saving potentials of wastewater are clearly illustrated. Wastewater from 
industry and agriculture has not been taken into account for these calculations but can be 
likewise considered as potential substrates for MFCs (Table 1). As wastewater derived 
biofilm anodes represent complex food webs consisting of a diverse microbial community, 
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they have a widespread substrate spectrum and can convert a high variety of wastewater 
compounds into electricity (Table 1). 
For performing economic feasibility studies on MFC devices (e.g. life cycle assessment101) 
and comparing its competitiveness to other technologies for exploiting the energy 
resource wastewater (e.g. full anaerobic treatment of wastewater102, conversion of 
wastewater compounds in valuable chemical products103), a detailed knowledge on the 
energy content of wastewater is required. Up to now, only three values regarding the 
energy content (i.e. heat of combustion, ∆C𝐻) of wastewater exist
97,98. Thus, an improved 
data fundament is needed to provide reliable information on the economic feasibility of 
using wastewater as energy resource. To fill this gap, a comprehensive analysis of the 
energy stored in wastewater and other wastewater parameters was performed in the 
thesis at hand (publication 3, chapter 3.4). 
Table 1  Overview of different wastewaters used as substrate and inoculum for 
producing electrical energy via MFCsa. 
Type of substrate Source inoculum Reactor 
volume (mL) 
Maximum current 
density (mA cm−2) 
Ref
. 
Brewery wastewater full strength brewery 
wastewater 
28 0.20 104 
Chocolate industry 
wastewater 
activated sludge 420 0.30 105 
Meat processing 
wastewater 
domestic wastewater 28 0.12 106 
Paper recycling 
wastewater 
diluted paper 
recycling wastewater 
300 0.25 107 
Dairy industry 
wastewater 
dairy industry 
wastewater 
4000 0.02 108 
Starch processing 
wastewater 
starch processing 
wastewater 
425 0.09 109 
Domestic 
wastewater 
domestic wastewater 400 0.39 110 
a Table is adapted from Pant et al.111. 
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2.3 Methods for analysing electroactive microorganisms 
 Many technical advances led to the invention and development of several 
experimental techniques for obtaining further knowledge on electroactive microorganisms 
and the microorganisms/ electrode interface including chronoamperometry, voltammetric 
techniques, flow cytometry, confocal laser scanning microscopy, and spectroscopy, to 
name but a few (Table 2). These methods provide information about, e.g., the microbial 
community, share of active redox compounds, electron transfer kinetics, conductivity, 
thickness, structure, and shape of biofilm anodes (Table 2). However, analysing the 
thermodynamics and efficiency of electroactive microorganisms remained on calculations 
of Gibbs free energy and coulombic efficiency (CE) (chapter 2.3.2). This situation prevented 
the establishment of a complete energy balance of electroactive microorganisms so far. 
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Table 2  Overview of selected experimental methods for analysing biofilm anodesb. 
Method Description Obtained Information  Ref. 
Chronoampero-
metry (CA) 
recording current in 
dependence of a constant 
potential 
macroscopic performance of 
electroactive microorganisms 
(current density, CE),  
112 
Cyclic 
voltammetry (CV) 
linearly changing the 
potential and recording the 
current, multiple scans 
identification of potentials of 
electron transfer sites, mass 
transfer regimes 
112 
Confocal laser 
scanning 
microscopy 
(CLSM) 
visualisation of biofilms by 
labelling cells, e.g. 
fluorescence in situ 
hybridization (FISH) 
e.g. biofilm structure, 
thickness, composition, 3D 
imaging 
113,114 
Confocal Raman 
microscopy (CRM) 
excitation of cytochromes 
with monochromatic light 
and subsequent recording 
of Raman scattering 
in vivo information about the 
biofilm thickness and redox 
states of cytochromes 
55 
Surface-enhanced 
resonance Raman 
spectroscopy 
(SERRS) 
excitation of cytochromes 
in vicinity to the electrode 
and recording of Raman 
scattering 
electron transfer kinetics of 
different redox processes 
within biofilm electrodes  
115 
Nano-secondary 
ion mass 
spectrometry 
isotope labelling of 
substrates and imaging of 
the consumption via 
secondary ion mass 
spectrometry 
identification of the elemental 
composition at cellular level 
116 
Flow cytometry automatic characterization 
of stained cells based on 
light scattering and 
absorption 
quantitative and qualitative 
sorting of the microbial 
community  
54 
b Table is adapted from Harnisch and Rabaey117 
 
 
2.3 Methods for analysing electroactive microorganisms 
35 
2.3.1 Electrochemical techniques - getting insights into macroscopic 
parameters of electroactive microorganisms 
Two of the most important electrochemical techniques to grow and analyze 
electroactive microorganisms are chronoamperometry (CA)26 and cyclic voltammetry 
(CV)112,118. During CA, a constant potential is applied to the anode enabling electroactive 
microorganisms to transfer catabolically generated electrons to the anode and thus 
producing electricity (Figure 7A). The polarized anode represents an inexhaustible electron 
acceptor for electroactive microorganisms. Therefore, microbial energy harvest is 
maintained allowing the microorganisms to grow continuously. 
DET112,118 as well as MET37 mechanisms can be studied by using CV. In doing so, the 
potential of the anode is changed linearly with a certain speed (i.e. scan rate) and the 
resulting current is recorded (Figure 7B). Useful thermodynamic information regarding the 
DET properties of electroactive microorganisms can be extracted from CV experiments, 
e.g. the formal potential of the electron transfer sites (i.e. cytochromes, chapter 2.2.1.2) 
and electrochemical reversibility of the electron transfer sites112,118. 
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Figure 7 Electrochemical experiments with a representative Geobacter species 
dominated biofilm on a graphite anode. (A) Chronoamperometry: current 
density profile (current normalized to anode area). The current decreased 
after substrate (acetate) depletion and recovered several times after new 
substrate was added to the reactor (arrows indicate substrate addition). 
Current peaks indicate the recording of cyclic voltammograms. (B) Cyclic 
voltammetry: current density as function of a linearly changed anode 
potential (from −0.3 V to 0.5 V and vice versa with a scan rate of 1 mV s−1). 
The formal potential 𝐸EET
f  of the active outer membrane cytochromes 
transferring electrons to the anode is indicated. 
 
2.3.2 Status quo of assessing the thermodynamics of electroactive 
microorganisms 
 A widely used parameter for describing the efficiency of electroactive 
microorganisms is the coulombic efficiency (CE), defined as the ratio of transferred charge 
to the anode (integrated current over time) and the charge that accounts for the consumed 
substrate (equation 13). 
𝐶𝐸 =
∫ 𝐼d𝑡
t
0
𝐹 ∑ ∆𝐶i,Substrate𝑧i,Substrate𝑖
 (13) 
Consequently, CE provides information on the amount of electrons originating from the 
substrate that were captured by the anode as current and has rather low values of 10-40 % 
for real wastewaters81,82,119. For well-defined conditions, e.g. Geobacter species dominated 
biofilm anode fed with acetate as sole substrate, the CE has values around 90 %120. 
However, CE alone is not sufficient for analysing the efficiency of electroactive 
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microorganisms as it does not provide information about the thermodynamics of 
electroactive microorganisms, the electrochemical potential of the transferred electrons, 
biomass formation (i.e. growth yield) and heat dissipation. 
The key for analysing the driving forces for growth of electroactive microorganisms and 
subsequently for improving their efficiencies is a complete understanding of their 
thermodynamics. By now, this is restricted to treaties of Gibbs free energy and redox 
potential, respectively32. In case of the model system Geobacter species dominated biofilm 
anode fed with acetate, the substrate acetate is degraded to bicarbonate and protons 
(equation 14). The released electrons are transferred to the anode. The Gibbs free energy 
of reaction (for biochemical standard reactions) can be easily calculated from the reactants 
according to the general equation 10 (chapter 2.1) and exemplified for the anaerobic 
acetate oxidation in equation 14 (here written as an electron consumption reaction to fulfil 
IUPAC-conventions for potential calculations): 
2HCO3
− + 9H+ + 8e− → CH3COO
− + 4H2O ∆R𝐺
0′ = 214.7 kJ mol−1 (14) 
Afterwards, this Gibbs free energy of reaction is converted to a redox potential (for 
biochemical standard conditions) according to the general equation 12 (chapter 2.1.1) and 
exemplified in equation 15: 
𝐸0' = −
∆R𝐺
0'
𝑧𝐹
= −
214700 J mol−1
8 × 96485 C mol−1
= −0.28 𝑉 (15) 
𝐸0' = −0.28 V represents the energy level of the electron when it enters the cell (in case of 
all thermodynamic activity coefficients = 1 and pH = 7). CV is the method of choice for 
determining the formal potential of the outer membrane cytochromes facilitating EET, i.e. 
the energy level of the electron when it leaves the cell towards the anode: 𝐸EET
f  = −0.11 V 
(Figure 7B). The potential difference of −0.17 V between 𝐸0′ and 𝐸EET
f  represents the 
maximum energy yield that Geobacter species can harvest from the anaerobic oxidation of 
acetate when performing DET. The harvested energy is subsequently utilized for enabling 
microbial activity (chapter 2.1). 
Several approaches exist predicting the efficiency of microbial growth reactions 
(i.e. growth yields) based on calculations of Gibbs free energy of reactions and reaction 
stoichiometries. Although they yield satisfying results for a few aerobic microorganisms, 
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they fail for predicting thermodynamic efficiencies of other aerobic microorganisms and 
almost fail for all anaerobic microorganisms121. These theoretical considerations often 
suffer from unknown intracellular thermodynamic activity of reactants, unknown 
biochemical reactions within the cells, unknown biomass composition and unknown 
thermodynamic information on biomass18,121,122. 
Furthermore, as it is described in chapter 2.1, a change in Gibbs free energy represents the 
sum of changes in the driving forces enthalpy and entropy (chapter 2.1, equation 9). Thus, 
calculations solely based on Gibbs free energy cannot provide detailed information on the 
driving forces being responsible for growth of electroactive microorganisms. 
Consequently, this lack of knowledge prevents a complete description of the energy 
balance of electroactive microorganisms. 
Enthalpy is a comparably easily accessible and widely used parameter providing additional 
information on the driving forces and efficiencies of bacterial growth reactions18,123 and 
thus is useful for identifying the thermodynamic lifestyle of electroactive microorganisms 
(Figure 2). Enthalpy changes can be monitored by measuring the heat exchange between a 
microbial culture and its surrounding with a calorimetric device (chapter 2.3.3)124. 
 
2.3.3 Bioelectrocalorimetry 
Bioelectrocalorimetry is proposed to be a suitable method for exploring the heat 
production and the thermodynamics of electroactive microorganisms. It represents a 
combination of biocalorimetry (chapter 2.3.3.1) and thermoelectrochemistry 
(chapter 2.3.3.2). Merging these two different research fields led to the development of a 
bioelectrocalorimeter described within the thesis at hand (publication 1, chapter 3.2). 
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2.3.3.1 Biocalorimetry - Monitoring the heat production of living matter 
A calorimeter is a device for measuring the heat production of biological, chemical 
and physical processes and is considered as an open system that exchanges matter and 
energy with its surrounding in a well-defined manner (Figure 8).  
Biocalorimetry, i.e. a method for measuring the heat production of biological processes, 
has made major advances since the first calorimetric experiments were conducted with 
guinea pigs melting ice by Lavoisier at the end of the 18th century121,125. The limit of 
detection for measuring the heat production rate of microbial cultures via a chip 
calorimeter is today approximately 20 nW126. Several trends of development of 
calorimetric devices fostered the research via biocalorimetry and resulted in several 
application niches including megacalorimetry, chip calorimetry and bench-scale or 
reaction calorimetry123. As the name already implies, megacalorimetry refers to the online 
monitoring of bioreactors in the m3 scale. Türker achieved a remarkable accordance 
between the measured and predicted heat production rate with a baker’s yeast 
fermentation in a 100 m3 bioreactor127. Big calorimetric setups possess a reduced 
vulnerability to environmental fluctuations, but their sensitivity is comparably low 
(50 mW L−1 at 0.3 m3 reactor volume)123. In contrast, chip calorimetry has a detection limit 
of 0.2 mW L−1 at 600 µl reactor volume but exhibits a relatively high sensitivity towards 
disturbances from the surrounding128. However, for obtaining significant results, it is 
necessary to perform calorimetric experiments under relevant physiological conditions, 
and thus tight control and measurement of culture parameters are required (e.g. pH, 
partial pressures of oxygen, biomass formation, concentration of substrates and products 
etc.; Figure 8)18. On the one hand, controlling these system parameters results in the 
generation of supporting information (e.g. reaction stoichiometry) for evaluating the heat 
flux data but also implies the need for a clear definition of the system boundaries (Figure 
8). Reaction calorimeters accomplish many of the above mentioned system properties and 
have a satisfying robustness and sensitivity. After the pioneering work from 
Mou and Cooney many different setups were developed for measuring different 
microorganisms at several conditions (e.g. thermophilic, mesophilic, aerobic,   
anaerobic)129-134. Nevertheless, the calorimetric analysis of electroactive microorganisms is 
presented for the first time within the thesis at hand (publication 1, chapter 3.2). 
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Figure 8  A calorimeter is an open system measuring the heat production rate of the 
subject of interest while exchanging matter and energy with the 
environment. Different parameters are measured and controlled for 
maintaining the intended experimental conditions. Furthermore, the 
recorded information is used for evaluating the heat flux data. Figure is 
adapted from Maskow and Paufler135. 
 
2.3.3.2 Thermoelectrochemistry 
 Thermoelectrochemistry is the simultaneous analysis of heat flux, electric current 
and electrode potentials of electrochemical cells and electrode reactions under varying 
conditions for obtaining thermodynamic and kinetic parameters136,137. 
The discovery of the correlation between temperature gradients (or heat flux) and 
electricity is almost as old as calorimetry. In 1821, Thomas Johann Seebeck found the 
effect, which now bears his name: a temperature gradient at the junction of two different 
electrical conductors causes the formation of a voltage138,139. The almost exact inverted 
phenomenon was described 13 years later by Jean Peltier: a current flow at the junction of 
two different electrical conductors induces a heat flux140. However, only since the 1950s the 
interdisciplinary research field thermoelectrochemistry was systemically studied, which is 
surprising as temperature is one of the most important parameters for chemical and 
electrochemical reactions137. The importance of temperature is underlined in the most 
fundamental equation of thermoelectrochemistry connecting the change of electrode 
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potential (𝜕𝐸), temperature change (𝜕𝑇) and entropy change (∆𝑆) of a cell reaction 
(equation 16)137. 
(
𝜕𝐸
𝜕𝑇
)
𝑝
=
∆𝑆
𝑧𝐹
 (16) 
Several experimental setups and methods were developed for analysing the thermal 
effects of electrochemical reactions, such as electrolytic calorimeter141, thermistor 
electrode142, non-isothermal cell143, light-induced heating of electrodes144 or inductive 
electrode heating145.  
One of the main objectives of thermoelectrochemistry is obtaining information on the 
electrochemical Peltier heat, an entropic effect causing a heat flux at the electrolyte/ 
electrode interface, firstly described by Mill in 1877146. It considerably lowers the 
efficiencies of batteries and fuel cells147-149. The first description of an electrochemical 
Peltier heat based on biological processes is presented within the thesis at hand 
(publication 1, chapter 3.2). 
 
2.4 Modeling electroactive microorganisms 
 The complex behaviour and structures of electroactive microorganisms and 
particularly biofilm anodes imply the need for an interdisciplinary approach for pooling the 
gathered knowledge resulting in an increased understanding of electroactive 
microorganisms. Mathematical modeling is a suitable method for integrating different 
disciplines and creating an adequate description of biotic and abiotic processes as well as 
their interface. Therefore, mathematical descriptions of microbial and biochemical aspects 
are linked in a model with equations for chemical equilibrium reactions, electrochemistry 
and electricity, transport mechanisms (e.g. diffusion and migration), fluid dynamics and 
mechanics (e.g. shear forces)150. Importantly, an approach combining these different 
scientific fields needs to meet the basic principle of mass conservation in order to make 
reliable quantitative statements (Figure 9)151. 
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Figure 9 Mass balance of a single component including all processes that change the 
concentration of the respective component. Figure is adapted from 
Wanner et al.151. 
 
Several attempts have been conducted to model electroactive microorganisms focusing on 
different aspects. An early model for MFCs with suspended cells and redox mediators was 
developed by Zhang and Halme in 1995152. Later, Picioreanu et al. modeled a biofilm-based 
MFC with redox mediators that successfully described experimental results, i.e. the current 
production over few feeding cycles153. The transport of redox mediators (i.e. electrons) was 
calculated via Fick’s law of diffusion (Figure 10-3). Afterwards, this model was extended to 
include pH, a proton exchange membrane and the Nernst-Planck equation considering 
diffusion as well as electromigration for the movement of ions154. This extension was a 
considerable improvement as it included potential physical limitations of biofilm anodes 
caused by insufficient ion fluxes. Marcus et al. suggested a different mechanism for the 
electron transport within biofilms: electrical conduction155 (Figure 10-4). Furthermore, they 
derived the Nernst-Monod term (Figure 10-2) linking substrate consumption (usually 
calculated by the Monod equation, Figure 10-1) with the anode potential155. In the 
approach conducted by Hamelers et al., the Butler-Volmer equation was used for modeling 
the electron transfer to the anode (Figure 10-5)156. This approach is more fundamental than 
using the Nernst equation. The Nernst equation is strictly spoken only a limiting case of the 
Butler-Volmer equation and only valid for the state of thermodynamic equilibrium. A few 
efforts were made for modeling dynamic potential conditions. These models revealed that 
metabolic reactions rather than the electron transfer to the anode limit current 
production53,157,158. Although the described models represent interdisciplinary approaches 
combining biological and physical reactions occurring within a biofilm anode, a model 
including inorganic processes, constant potential (i.e. during CA) and dynamic potential 
(i.e. during CV) conditions as well as microbial growth thermodynamics and kinetics is still 
missing. To fill this gap, a modeling platform was developed within this thesis combining 
all the above mentioned processes (Publication 2 in chapter 3.3). 
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Figure 10 Schematic illustration of the processes during different EET mechanisms 
and the respective mathematical descriptions. (A) Mediated electron 
transfer, (B) direct electron transfer via outer membrane cytochromes, (C) 
direct electron transfer via pili ( “nanowires”), (1) substrate degradation, (2) 
substrate degradation as function of anode potential, (3) electron transport 
via redox mediators, (4) electron conduction across the biofilm, (5) 
interface electron transfer at the anode. 𝛼: charge transfer coefficient, 
𝐶Substrate: substrate concentration, ∆𝐶Redox: concentration gradient of the 
redox mediators, 𝐷Redox: diffusion coefficient of the redox mediators in 
water, 𝐸Anode: anode potential, 𝐸EET
f : formal potential of the outer 
membrane cytochromes responsible for EET,  𝐹: Faraday constant, 
𝑗: current density, 𝑗0: exchange current density, 𝑗Max: maximum current 
density, 𝜅Biofilm: biofilm conductivity, 𝐾S: half-saturation coefficient for 
the substrate, 𝑅: universal gas constant, 𝑇: temperature, ∆𝑥: transport 
distance, 𝑧: number of transferred electrons. Figure is adapted from 
Torres et al.159. 
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3.1 Overview of publications 
Publication 1 
Korth, Benjamin; Maskow, Thomas; Picioreanu, Cristian; Harnisch, Falk. The 
microbial electrochemical Peltier heat: An energetic burden and engineering 
chance for primary microbial electrochemical technologies. Energy & 
Environmental Science, 9, 2539-2544, 2016. 
This publication describes the development of a bioelectrocalorimeter used for 
measuring the heat production of electroactive microorganisms performing EET. 
Based on the example of a Geobacter species dominated biofilm anode, a heat 
balance was established showing that electroactive microorganisms have to 
overcome an entropic hurdle at the cytochrome/ electrode interface: the microbial 
electrochemical Peltier heat. 
Publication 2 
Korth, Benjamin; Rosa, Luis F.M.; Harnisch, Falk; Picioreanu, Cristian: A framework 
for modeling electroactive microbial biofilms performing direct electron transfer. 
Bioelectrochemistry, 106, 194-206, 2015. 
A platform for modeling electroactive microorganisms performing DET, i.e. biofilm 
anode, was developed within this publication. The model incorporates calculations 
of microbial growth thermodynamics and kinetics as well as mathematical 
descriptions of physical, chemical and electrochemical processes. Finally, several 
uncertainties regarding properties of electroactive microorganisms are discussed. 
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Publication 3 
Korth, Benjamin; Maskow, Thomas; Günther, Susanne; Harnisch, Falk. On the 
correlation of energy descriptors in municipal wastewater: A yearlong case study. 
Revised for Water Research. 
This study includes an assessment of the chemical energy stored in wastewater 
based on combustion calorimetry. Furthermore, a correlation analysis of the energy 
content and other wastewater parameters was performed. Total organic carbon and 
chemical oxygen demand were identified to predict the energy content of 
wastewater. 
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3.2.1 Supplementary information for “The microbial electrochemical Peltier 
heat: An energetic burden and engineering chance for primary microbial 
electrochemical technologies” 
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4.1 The key for a complete understanding of electroactive microorganisms is 
a comprehensive analysis of their thermodynamics  
The capability of electroactive microorganisms to transfer catabolically generated 
electrons to solid electron acceptors beyond the cell membrane is unique in nature. Recent 
findings suggest that electroactive microorganisms are more widespread than previously 
thought and members of microbial communities in many habitats30. Furthermore, their 
ability to electrically interconnect metabolic reactions with inorganic matter (e.g. metal 
ions, electrodes) makes electroactive microorganisms to a promising research field for 
future biotechnological applications. Although many experimental tools and methods 
were already developed for studying electroactive microorganisms and EET mechanisms, 
an analysis of the respective thermodynamics remained on calculations of CE86 and treaties 
of Gibbs free energy32 preventing the establishment of a complete energy balance of 
electroactive microorganisms so far. Within the thesis at hand, the development of a new 
method for analysing electroactive microorganisms is described: bioelectrocalorimetry. 
Based on the example of a Geobacter species dominated biofilm anode, the heat 
production during EET was assessed and the microbial electrochemical Peltier heat was 
discovered by calculating an energy balance (chapter 4.2). Since the underlying effect 
represents a severe thermodynamic drawback for EET, the energetic consequences of the 
microbial electrochemical Peltier heat on electroactive microorganisms were discussed 
(chapter 4.3). By applying mathematical descriptions and concepts, a modeling platform 
for electroactive microorganisms performing direct electron transfer (on the example of a 
biofilm anode) was developed. It combines thermodynamic and kinetic calculations of a 
biofilm anode with physical, chemical, and electrochemical processes. By executing testing 
of variables, different properties of the biofilm anode were assessed leading to a better 
understanding of the parameters that influence electroactive microorganisms and EET. 
Furthermore, remaining knowledge gaps were identified (chapter 4.4). As the production 
of electrical energy from the oxidation of wastewater compounds is a promising 
application of electroactive microorganisms, the chemical energy stored in wastewater 
was evaluated by applying combustion calorimetry and parameter correlation analysis. 
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Thereby, a broader data fundament was created and prediction methods for the energy 
content of wastewater were proposed (chapter 4.5). 
 
4.2 Bioelectrocalorimetry - discovering the microbial electrochemical Peltier 
heat  
The development of bioelectrocalorimetry allowed the determination of the heat 
production rate of electroactive microorganisms for the first time (Publication 1, chapter 
3.2). Furthermore, by analysing the different heat sources of a biofilm anode and 
calculating the corresponding heat balance, the microbial electrochemical Peltier heat 
(mePh, 𝛱m) was discovered. This effect causes a reversible heat flux at the biofilm/ anode 
interface during EET. Its inorganic equivalent, i.e. the electrochemical Peltier heat (ePh, 𝛱), 
is known for almost 150 years146. Although the ePh represents a severe energetic loss (up 
to 20 % of the converted chemical energy148,149) in electrochemical cells, e.g. batteries and 
fuel cells, the biological mePh was not even discussed so far. Likewise to its inorganic 
equivalent, 𝛱m is a material constant depending on the electrode material, the active 
redox species and the electrolyte160. Thus, the determined value of 27 ± 6 kJ e-mol−1 is 
specific for the tested model system: Geobacter species c-type outer membrane 
cytochromes (probably OmcZ, chapter 2.2.1.2) are oxidized at a graphite electrode in the 
used cultivation medium with a specific ion composition (Publication 1, page 63). Different 
microbial electrochemical Peltier heats are expected for different cytochromes, 
electroactive microorganisms, electrode materials, electron coatings, electron acceptors, 
buffers etc. Even though the mePh is in the following only described for anodic processes, 
it likely occurs also during cathodic processes (chapter 6).  
Two processes contribute to 𝛱m: (i) the state of matter of the electron changes before and 
after the electron transfer from the cytochromes to the anode. Originating from a 
restricted probability of presence in the orbitals of the coordinated iron atom within 
cytochromes, it is completely delocalized in a certain Fermi level of the electrode (Figure 
11). This increase in entropy of the electron results in a heat release. (ii) The movement of 
ions by driving forces, e.g. concentration gradient (diffusion) and potential differences 
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(migration), causes also a heat flux and is called transport entropy or Eastman entropy161. 
Furthermore, the molar entropy of the charged particle itself has to be considered, too161. 
Due to charge balancing, EET is accompanied by proton transport from the cell beyond the 
cell membrane. This phenomenon is called redox-Bohr effect162. Presumably, this effect is 
also included in the Eastman entropy of the mePh. Both contributions might be associated 
with irreversible heat producing processes like overpotential heating and Joule heating. 
However, both sub-processes of the microbial electrochemical Peltier are reversible heat 
flux processes, and thus they are clearly distinguishable from irreversible phenomena 
(i.e  overpotential heating and Joule heating). 
 
 
Figure 11 Schematic illustration of the change of state of the electron during EET on 
the example of the experimental model system: biofilm anode composed 
of a Geobacter species dominated biofilm and a graphite anode. The 
electron has a restricted probability of presence in the orbitals of the 
coordinated iron atom within outer membrane cytochromes and thus a low 
entropy state. After transfer to the graphite anode, the electron is 
completely delocalized in a certain Fermi level of the graphite anode and 
exhibits a high entropy state. The blue shaded areas schematically 
illustrate the probability of presence within the cytochrome and the 
graphite anode, respectively.  
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4.3 Consequences of the microbial electrochemical Peltier heat on 
electroactive microorganisms  
The discovery of the mePh has several implications for an assessment of EET and 
the energy conservation mechanisms of electroactive microorganisms as it represents an 
energetic barrier hampering the export of catabolically generated electrons. Electroactive 
microorganisms have to invest energy for transferring electrons to a solid external electron 
acceptor (e.g. metals and electrodes). Only if electrons are continuously exported, it is 
assured that reduced reduction equivalents (e.g. NADH) do not accumulate and 
subsequently slow down catabolic as well as anabolic processes. However, the share of 
energy needed for driving EET is unavailable for biomass production or other desired 
metabolic products. Thus, EET and mePh can be regarded as a trade-off couple: EET is 
necessary in order to keep catabolic reactions running but it requires a certain energy 
investment for overcoming mePh. 
The model for biofilm anodes, developed within this thesis (publication 2, chapter 3.3), can 
be used for assessing the impact of the mePh on the overall energy balance and 
subsequently the growth of electroactive microorganisms. Figure 12 shows that the Gibbs 
free energy normalized to catabolically generated electrons is in the range of            
−35 kJ e-mol−1 to −22 kJ e-mol−1 during the first growth cycle of a Geobacter species 
dominated biofilm anode with modeled experimental conditions similar to the setup used 
in publication 1 (for model details see Korth et al.163). Electroactive microorganisms invest 
initially 77 % of the harvested energy for transferring the electrons to the electrode 
according to the present model study (Figure 12). During the course of the growth cycle, 
the mePh even outweighs the catabolic energy gain due to unfavourable reactant 
concentrations (Figure 12) illustrating that mePh represents a considerable energetic 
burden on the metabolism. However, this analysis has to remain on a semi-quantitative 
level by now as several experimental uncertainties and knowledge gaps regarding the 
energy-harvesting reactions of biofilm anodes exist. As the diffusion of ions within biofilms 
is limited164, local concentration gradients of reactants and different thermodynamic 
activities probably alter the energy yield of catabolic reactions (see also equation 11 in 
chapter 2.1).  
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Furthermore, the underlying analysis of Figure 12 does not consider that the production of 
biomass is also an electron sink avoiding the metabolic burden mePh. Synthesis of biomass 
represents the production of reduced compounds. Therefore, electrons originating from 
the catabolism are directed to the biosynthesis of proteins, lipids and other microbial cell 
compounds and not to the electrode thereby saving the energy costs related to mePh.  
 
 
Figure 12 Profiles of acetate concentration (𝐶Acetate) and Gibbs free energy per 
catabolically generated electron (∆𝐺Cat) in a model study based on the 
developed model for biofilm anodes (publication 2, chapter 3.3) and 
parameters from the experimental setup used in publication 1 
(chapter 3.2). 
 
Remarkably, the value 𝛱m  = 27 ± 6 kJ e-mol
−1 is in the range of the energy that is released 
when one mole ATP is hydrolysed to ADP during standard conditions (equation 17)165 
indicating that the Geobacter species dominated biofilm anode needs roughly one mole 
ATP for transferring one mole of electrons to the graphite anode.  
4.3 Consequences of the microbial electrochemical Peltier heat on electroactive 
microorganisms 
136 
ATP + H2O → ADP + Pi ∆𝐺
0′ = −30.5 kJ mol−1 (17) 
A recent modeling study based on a Geobacter metallireducens genome annotation and a 
subsequent construction of a corresponding metabolic network analyzed different growth 
experiments with acetate, ethanol, and butanol as electron donors and fumarate and 
Fe(III) citrate as electron acceptors166. The study obtained a value of 0.3 ATP for the 
metabolic costs of transferring one electron to Fe(III) citrate (𝐸0′ = +375 mV, Figure 3) at 
pH = 7166. Considering that different growth systems were used in Feist et al. 
(i.e. planktonic cultures, different electron acceptors), the value 𝛱m = 27 ± 6 kJ e-mol
−1 
(equals approximately one mole ATP) for a graphite electrode as electron acceptor derived 
from publication 1 seems reasonable as it is in the same order of magnitude. However, 
verifying 𝛱m solely based on an ATP balance is questionable as several uncertainties 
regarding the energy conservation mechanisms of the genus Geobacter exist. The energy 
obtained from ATP hydrolysis or necessary for ATP synthesis varies depending on the 
intracellular or local concentrations (i.e. within cell organelles) of reactants (e.g. ATP, ADP, 
Pi, Mg
2+)167 and shows a notable range for microorganisms (from −27 to −47 kJ mol−1)165,168. 
Furthermore, it is unknown how Geobacter species accomplish oxidative 
phosphorylation169, i.e. generating a proton gradient across the inner membrane and 
subsequently using the proton-motive force for ATP synthesis via ATP synthase (see also 
chapter 4.4.2). Tunnelling of protons, i.e. redox-Bohr effect, and thus contributing to a 
proton gradient is, so far, only confirmed for members of the periplasmic cytochrome 
PpcA-family 162,170. Moreover, these considerations neglect the possibility of obtaining 
energy via substrate level phosphorylation which is proposed to be the dominant 
mechanism of energy harvest in Shewanella oneidensis171. 
Even though the energetic costs of EET (i.e. microbial electrochemical Peltier heat) can be 
quantified by using a bioelectrocalorimeter, another intriguing question remains: At which 
point of the electron transport chain is the required energy invested? It is unlikely that ATP 
is directly involved in the last EET step as no ATP-binding site is described for prokaryotic 
cytochromes so far. As previously stated, the transfer of electrons beyond the cell 
membrane is accompanied by the build-up of a proton gradient across the inner 
membrane. Usually, this proton gradient is used for generating ATP via ATP synthase7. 
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However, the proton-motive force could be partly used for driving EET via outer 
membrane cytochromes to the environment resulting in a decreased ATP production as 
less protons are available for ATP synthesis via ATP synthase. This mechanism is similar to 
the redox-Bohr effect (i.e. EET is followed by a proton transport beyond the cell membrane 
for charge balancing) but chronologically reversed (i.e. proton transport beyond the cell 
membrane is followed by EET).  
Considering the biofilm structure, it is likely that only the cell layer directly contacted to 
the anode is affected by the mePh as only there a change in state of matter of the 
electrons occurs. Overlying Geobacter cells transfer the electrons to components of the 
biofilm matrix (e.g. PilA and OmcS, chapter 2.2.1.1 and 2.2.1.2) hosting electrons in the 
same state of matter (i.e. within the orbitals of a redox compound). Thus, the metabolic 
burden mePh is virtually passed on until the electron reaches the first layer of Geobacter 
cells attached to the anode, and the electron is finally transferred to the anode. As the 
undermost cell layer has to invest energy for sustaining EET to the anode for all other 
electroactive bacteria within the biofilm, less energy is available for maintaining their cell 
structure and cell function. Thus, the bacteria could exhibit a different cell constitution 
potentially explaining contradictory results of apparent dead cells near the anode (via 
LIVE/DEAD® BacLight™ cell staining)172 but classified as being active (i.e. metabolically 
active and producing current) by confocal Raman spectroscopy173.  
Furthermore, if donating an electron requires an energy investment, is an electron uptake 
from a solid electron donor (i.e. electrotrophy) linked to an (indirect) uptake of energy? 
Receiving electrons requires the simultaneous uptake of a positively charged ion for 
fulfilling the condition of electroneutrality. Thus, an uptake of protons potentially occurs 
finally leading to the build-up of a proton gradient that can be subsequently used for ATP 
synthesis via ATP synthase. This thought experiment is especially intriguing as microbial 
electrosynthesis (chapter 2.2.3) is a fast growing research field but the mechanisms how 
bacteria obtain energy by electron uptake from a cathode are not completely 
understood19. 
The discovery of the mePh could also contribute to the discussion about the origin of 
multi-heme cytochromes in electroactive microorganisms (e.g. OmcZ contains eight 
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hemes and OmcS six hemes, respectively)59 which are quite unique in nature. An electron 
would have a higher entropy state in an eight-heme cytochrome compared to the electron 
in a one-heme cytochrome as the electron is already more delocalized within several 
hemes. Thus, the entropy difference between the cytochrome and the electrode is smaller 
if an eight-heme cytochrome at the electrode interface is assumed compared to a one-
heme cytochrome. Consequently, the energy investment required for enabling EET to a 
solid electron acceptor is lower saving energy for microbial processes and representing an 
evolutionary advantage. 
 
4.4 Modeling electroactive microorganisms - Is it about answering questions 
or creating questions? 
The model framework presented in publication 2 (chapter 3.3) represents an 
interdisciplinary approach for modeling electroactive microorganisms by using the a 
biofilm anode as an example. It comprises calculations of direct EET mechanisms as well as 
microbial growth reactions based on thermodynamic considerations, intracellular electron 
transfer reactions, electron transport within the biofilm (i.e. metal-like conductivity), mass 
transfer and electrical fields within the biofilm, chemical equilibria reactions, bulk 
concentrations, static potential conditions (i.e. CA), and dynamic potential conditions 
(i.e. CV). The developed model provides fundamental insights into the macroscopic level of 
biofilm anodes (e.g. current production, biofilm thickness, coulombic efficiency and 
voltammograms) as well as into the microscopic level (e.g. redox and pH gradients within 
biofilm). Consequently, the biofilm model provides information on how microscopic 
parameters (e.g. cytochrome concentration, electron transfer rates and biofilm 
conductivity) influence the macroscopic scale (e.g. current production, CV measurements; 
publication 2, page 72 and 76) and vice versa (e.g. influence of buffer concentrations on ion 
gradients within the biofilm; publication 2, page 73).  Furthermore, it allowed simulating 
several experimental results from different research groups, and thus it proved its general 
applicability. 
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However, creating a complex model with more than fifty equations and sixty parameters 
coincidently opens the eyes that many aspects and properties of electroactive 
microorganisms are still unknown. Moreover, there is sometimes even a lack of theoretical 
concepts explaining certain phenomenon and strategies on how to answer these 
questions. Thus, the model emphasizes apparent knowledge gaps that need to be filled in 
order to fully understand electroactive microorganisms. 
Several uncertainties regarding the components of biofilm anodes responsible for direct 
EET still exist, namely the outer membrane cytochromes. Also the pathway of the electron 
from the microorganisms to the anode is mostly unknown (chapter 4.4.1). Furthermore, 
several questions on the energy harvest, energy conservation principles (chapter 4.4.2) and 
anatomic as well as physiological parameters (chapter 4.4.3) remain unsolved so far. 
 
4.4.1 Who contributes to the extracellular electron transfer system? 
Different concentrations of cytochromes are necessary for the successful execution 
of CA and CV model studies (publication 2, page 75). This indicates that electrochemically 
slow cytochromes (responding only during potentiostatic conditions) as well as 
electrochemically fast cytochromes (responding during potentiostatic and 
potentiodynamic conditions) exist simultaneously within biofilm anodes. It is known that 
more than 110 different cytochromes are present within the genus Geobacteraceae56 and 
different cytochromes are necessary for interacting with different terminal electron 
acceptors19 (chapter 2.2.1.2). However, little is known about interactions between these 
cytochromes within electroactive microorganisms. It is assumed that cytochromes form a 
complex network storing electrons in a capacitor-like manner174 and distributing the 
electrons from the catabolism to a outer membrane cytochrome for the respective 
external electron acceptor. The latter is, so far, only shown for Shewanella oneidensis175,176. 
This distributing behaviour could probably alter the response time of cytochromes to 
potential changes as it is illustrated by the different cytochromes concentration for CA and 
CV experiments in the biofilm model. During static potential conditions a modeled value of 
300 mM cytochromes fits best to simulate real experiments, but for modeling CV studies 
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the number of cytochromes has to be drastically reduced (1-3 mM). This implies that 
during constant potential conditions all cytochromes contribute to the current production 
but only a small fraction of the cytochromes transfer electrons fast enough when potential 
changes occur (i.e. during CVs). Thus, only this small fraction is electrochemically reversible 
under given conditions and exhibits electron transfer rates fast enough for transferring all 
catabolically generated electrons to the anode following the potential changes during CV 
experiments.  
 
4.4.2 What are the mechanisms for energy harvest and energy conservation in 
electroactive microorganisms? 
Even though the approach used in the model for calculating thermodynamic and 
kinetic parameters (e.g. growth rate, maintenance requirements, energy dissipation) has 
certain intrinsic uncertainties, it is well established and provides reasonable results for 
many aerobic and anaerobic microorganisms177. Additionally, alternative concepts used for 
calculating thermodynamic parameters of microorganisms yield comparable results178. 
These calculations are based on known electron donors and electron acceptors. However, 
this is not the case for electroactive microorganisms. The final extracellular electron 
acceptor is indeed known (i.e. anode) but it is not the last component of the electron 
transport chain within the microorganisms contributing to its energy harvest, as the 
potential difference between outer membrane cytochrome and anode cannot be 
harvested by the microorganisms (chapter 2.3.2). The model assumption that 
NAD+/ NADH is the “last” internal electron acceptor before the electron is transferred via 
outer membrane cytochrome beyond the membrane is valid as it is an important redox 
compound in virtually every microorganism179. Furthermore, the cellular components  for 
converting the energy stored in the NADH pool in ATP (i.e. NADH dehydrogenase, ATP 
synthase) are well conserved among the genus Geobacter169. However, the mechanisms 
and efficiencies of energy conservation (i.e. ATP synthesis) are not elucidated, yet. Thus, it 
cannot be excluded that other electron transfer steps or other processes (e.g. substrate 
level phosphorylation) contribute to the energy harvest (chapter 4.3). 
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4.4.3 What do we know about anatomic and physiological properties of 
electroactive microorganisms? 
The presented model primarily focuses on interconnecting several different physical 
fields (chemistry, microbial thermodynamics, electrochemistry etc.) but neglected the 
anatomical appearance of biofilm anodes (e.g. biofilm shape, biofilm density, cell size). As 
many physiological parameters of biofilm anodes have not yet been experimentally 
investigated (e.g. acetate affinity constant, biofilm density, growth rate), opportunities for 
comparing the respective values with experimental data were rare. However, these 
properties of biofilm anodes considerably alter model results (e.g. biofilm density or 
acetate affinity constant; supplementary information for publication 3, page 88). Although 
a few parameters are established for non-electroactive biofilms (e.g. biofilm density151), 
determining these properties for biofilm anodes under physiological relevant conditions 
often requires sophisticated experimental setups (e.g. three-electrode setup in an 
anaerobic environment combined with laser scanning microscopy for measuring the 
biofilm thickness) and are linked to experimental uncertainties (e.g. clear separation of 
different transport processes for identifying the limiting rate88). 
For instance, methods for determining biofilm density of biofilm anodes mostly rely on the 
analysis of DNA, protein and carbohydrate content180,181 but correlations between the 
corresponding parameters and biofilm density are not established so far. Biofilm thickness 
is another important property of biofilm anodes and related to maximum current 
production, but a wide range of measured values exist depending on, for instance, biofilm 
age and biofilm composition (20-300 µm)164,182. Thus, a comparison between measured 
and modeled values for biofilm thickness remains challenging. Determining the size of a 
single Geobacter cell is a promising first step for further calculations of biofilm thickness 
and biofilm density but is connected to further scientific questions (e.g. is the Geobacter 
cell size constant when the biofilm gets older and more dense). The knowledge gap on 
anatomy and physiology of biofilm anodes and the strong influence on model results 
illustrate the need for suitable methods determining them. 
 
4.5 Assessing the energy resource wastewater 
142 
4.5 Assessing the energy resource wastewater 
The analysis presented in publication 3 (chapter 3.4) clearly shows that wastewater is 
a valuable energy resource even if the determined heat of combustion (∆C𝐻) of dried 
wastewater samples shows a striking variation over the course of one year. The variation of 
volumetric heat of combustion (∆C𝐻Vol) of the sampled wastewater treatment plant 
(WWTP) could be correlated with chemical oxygen demand (COD), total organic carbon 
(TOC), C:N ratio and total sulfur content. However, seasonal and diurnal changes probably 
cause fluctuations of inflow characteristics, too183. Furthermore, the comparable huge 
wastewater inflow from industry (brewery and beverages, 40-60 %) is also crucial for the 
analysis as its amount and composition probably varies. The influence of the sewage 
system was completely excluded from the assessment as now information was available. 
However, it is known that the sewage system influences the wastewater composition and 
thus the energy content of wastewater184. 
Nevertheless, the analysis performed in publication 3 identified COD and TOC as potential 
predictors predictors for the chemical energy stored in wastewater. However, probably 
COD will be more commonly used as it is already a widespread analyzed wastewater 
parameter and easier to handle.  
Due to the notable variation of ∆C𝐻Vol during the year and the large influence of industrial 
wastewater on the sampled WWTP (resulting in comparable high COD values) it is 
reasonable to define a lower and an upper limit for the maximum possible energy harvest 
from municipal wastewater produced in Germany (10 billion m3 per year). The identified 
correlation (publication 3, page 111) and a COD value of 500 mg L−1 COD (typical for 
municipal wastewater with minor contributions from industry185) yield an energy quantity 
of 6.8 TWh (1 % of the Germanys gross electricity consumption in 2015) representing a 
lower limit. As the sample preparation (i.e. oven-drying procedure) for combustion 
calorimetry is inevitable linked to substantial losses of volatile compounds (publication 3, 
page 112), ∆C𝐻Vol derived from the freeze-dried samples (20. 2 kJ L
−1, publication 3, page 
107) is used for estimating an upper limit for the maximum energy harvest (56.1 TWh, 9 %). 
These numbers illustrate the opportunities of the energetic exploitation of wastewater but 
also indicate a considerable uncertainty of energy supply emphasizing the requirement of 
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a feasible prediction method. Although prediction methods are proposed within the thesis 
at hand, more long term studies are required for creating a comprehensive overview of the 
energy potential of wastewater including different sizes and constructions of WWTPs, 
different industrial contributions and varying climate conditions. 
. 
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Electroactive microorganisms possess a unique capability for transferring catabolically 
generated electrons to a terminal external electron acceptor - extracellular electron 
transfer. Although electroactive microorganisms and EET were extensively studied over 
the last two decades, their thermodynamics remained virtually unexplored so far. Within 
the thesis at hand, two tools for analysing the thermodynamics of electroactive 
microorganisms were developed, i.e. a bioelectrocalorimeter (publication 1, chapter 3.2) 
and a model for biofilm anodes (publication 2, chapter 3.3). Furthermore, a comprehensive 
analysis of the energy content of wastewater was performed (publication 3, chapter 3.4). 
By using the bioelectrocalorimeter, the heat production rate of a biofilm anode was 
measured. In order to obtain information on the heat flux caused by the dominating 
electroactive bacteria Geobacter species, the different heat sources of the system were 
individually assessed and calculated. This allowed the discovery of a heat source that was, 
so far, not discussed for electroactive microorganisms performing DET: the microbial 
electrochemical Peltier heat. This effect represents a severe thermodynamic hurdle for 
electroactive microorganisms as they have to invest energy for transferring electrons 
beyond the cell membrane to a solid electron acceptor.  
The model for biofilm anodes represents an extensible framework for modeling 
electroactive microorganisms and incorporates physical, chemical, and biological 
processes. It was successfully benchmarked with experimental results from different 
research groups. The model illustrates existing knowledge gaps related to several 
properties of electroactive microorganisms (e.g. share of active cytochromes, growth rate, 
mechanisms of energy conservation). 
Wastewater represents a valuable energy resource and its energy content (i.e. heat of 
combustion, ∆C𝐻) is predictable by measuring COD or TOC and applying the detected 
correlation functions. As the applied method combustion calorimetry requires fully dried 
samples and as certain amounts of compounds are lost during the drying procedure, the 
energy of wastewater is presumably underestimated. 
  6 Future prospects 
145 
6 Future prospects 
The establishment of the method bioelectrocalorimetry and the identification of the 
microbial electrochemical Peltier heat open the door for a comprehensive analysis of the 
thermodynamic fundamentals of electroactive microorganisms. This includes complete 
energy balances as well as elucidating the driving forces for microbial activity. For 
completing the energy balance, a further heat source needs to be considered: heat flux 
caused by biomass formation. By performing appropriate experiments, it was possible to 
neglect this process in the presented analysis (publication 1, page 48-49). However, for 
quantifying the heat flux caused by biomass formation, it is necessary to analyse the 
amount of produced biomass as well as the biomass composition. Both parameters are not 
easily accessible and entail the risk of substantial measurement uncertainties. 
Understanding thermodynamics is only one side of the coin. Knowledge on kinetic 
parameters of electroactive microorganisms is also necessary for a complete 
understanding of their energetics. Although a few rates of electron transfer processes are 
already measured115,186, growth and maintenance rate of electroactive microorganisms 
embedded in a biofilm are untapped so far. This information is indispensable if we are to 
completely understand electroactive microbial growth systems. A promising approach for 
obtaining these values is experiments on a single-cell basis or experiments with few cells, 
respectively. In addition, these experimental systems could also provide information on 
the thermodynamics of single cells, which represents another promising research field that 
is mainly unexplored and lacks appropriate thermodynamic theories122. 
Bioelectrocalorimetry also offers the opportunity to perform temperature scanning 
experiments, i.e. varying the temperature of the reactor and simultaneously measure the 
current production, with biofilm anodes and other electroactive microorganisms. These 
experiments would deliver detailed information on the respective temperature optimum. 
Furthermore, identifying a potential optimum, i.e. highest current output while 
simultaneously reducing the unwanted “byproducts” heat and biomass, seems also 
achievable by employing bioelectrocalorimetry. Some electroactive bacteria exhibit 
different pathways (e.g. Geobacter sulfurreducens187) or even different modes of EET (e.g. 
Shewanella oneidensis188) for transferring electrons beyond the cell membrane in 
dependence of environmental conditions (e.g. anode potential). It is likely that these 
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different electron pathways and EET modes exhibit different efficiencies and thus dissipate 
different amounts of heat. 
Determining the heat flux of biofilm anodes is particularly valuable with respect to 
upscaling efforts on METs as one final goal. In contrast to laboratory reactors, culturing 
microorganisms in large scale approaches often face the challenge of a considerable heat 
production that requires appropriate cooling systems and thus investment and operational 
costs124. Furthermore, by integrating the heat sources and heat transport in the model for 
biofilm anodes (publication 2, chapter 3.4) in combination with the respective three-
dimensional bioreactor geometries, the evolving heat and the necessary cooling power 
could be predicted. 
The microbial electrochemical Peltier heat is a novel effect that ought to influence virtually 
all microorganisms electrochemically interacting with solid electron donors and electron 
acceptors, respectively. Therefore, its discovery offers manifold opportunities for further 
investigations on the energy management of electroactive microorganisms (i.e. 
exoelectrogens and electrotrophs) with implications for METs, biogeochemical redox 
cycles of different metals and trace elements, biocorrosion processes, and the degradation 
of organic matter in soil and sediment. Every combination of electroactive microorganism 
(or more precisely outer membrane cytochrome) and solid electrochemically active surface 
(e.g. metal minerals and different electrode materials) at different cultivation conditions 
(i.e. medium composition) should result in a different microbial electrochemical Peltier 
heat flux. This will lead to different thermodynamic consequences (chapter 4.3). For 
instance, different microbial electrochemical Peltier heats could explain the observation of 
thicker biofilms and higher current production at different electrode materials189. As less 
energy is needed for compensating the thermodynamic hurdle microbial electrochemical 
Peltier heat, more energy is available for biofilm growth and current production. 
The microbial electrochemical Peltier heat is a reversible effect and thus ought to occur 
also for cathodic and metal oxidizing processes but with contrary consequences. First, 
accepting electrons from a solid electron donor should result in the consumption of heat. 
Second, as transferring electrons to solid acceptors requires an energy investment, 
receiving electrons from a solid electron donor should involve the uptake of additional 
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energy. Conceivably, the microorganisms simultaneously take up protons and thus build a 
proton gradient across the periplasm subsequently used for the generation of ATP. As the 
mechanism of energy conservation in electrotrophs is almost completely unexplored19, 
bioelectrocalorimetry could provide here useful insights into the thermodynamic 
fundamentals and the respective driving forces for growth and activity. 
The modular design of the developed model for biofilm anodes allows the easy 
implementation of further processes, parameters and experimental conditions. Thus, the 
model can be extended to include, for instance, cathodic processes supporting the analysis 
of thermodynamics of electrotrophs. By applying growth thermodynamics (e.g. Gibbs free 
energy of product formation), experimental observed product and biomass formation 
rates, and the formal potentials of the electron transfer sites responsible for accepting 
electrons from a solid surface the mechanisms behind electrotrophy could be identified.  
Further aspects of electroactive microorganisms and related processes that can be 
analyzed with the developed model are heterogeneous biofilms, complex food webs, DIET, 
microbial electrosynthesis reactor optimization (e.g. geometry, materials), reactor 
operations (e.g. fed batch, chemostat) and redox mediators. 
The comprehensive data set from publication 3 allows a robust and almost online 
(i.e. within 2-3 h for analysing COD or TOC) prediction of the energy content of different 
wastewaters even with considerable contributions from food industries. However, further 
studies are required (e.g. ring experiments) to confirm the general applicability of the 
proposed prediction methods and to further extend the data situation towards more 
WWTP variants (e.g. WWTP sizes, WWTP systems, inflow characteristics, and climate 
conditions). Furthermore, for assessing the share of energy that is convertible by 
biotechnological approaches (e.g. MFCs, full anaerobic treatment), this data set 
prospectively needs to be combined with the respective methods for the energy 
exploitation. 
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